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Dear Sir: 

L Gerhard Ritte, a doctor of natural defences, a citizen of the Federal Republic of 
Germany and residing at Potsdam, Germany^ declare as follows; 

L I am a fully trained biologist, having studied Biology at the University of G5ttingen 3 . 
Germany, from 1989 to 1995. I was awarded my : doctor's degree 'by the University of 
Potsdam, Germany, in 1999, I worked as an assistant at the department of Plant 
Physiology at -'the said University from, ! 999 to 2007, in. 2007, 1 was awarded the degree 
doctor rerum naturallum frabtRtatus by the University of Potsdam 

I joined Metanorales GmbH. Berlin, Germany, in November 2007, and have since then 
been working in the field of plant stress physiology, 

.2, ! have read and understood the above-caption patent application- (including the current 
claims), lha Official Action dated June 5, 2009, and the references Which are relied upon 
by the US Patent and Trademark Office in the June 5, 2009 Official Action to find that 
the subject matter, being claimed would' have been obvious from the "state of the art" at 
the -time of the invention. I have been asked to-offer my opinion* on whether this invention 
would have been obvious. For purposes of my analysis, I have been asked to assume that 
the date of the invention is the earliest Tiling date claimed by this application, i.e. August 
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2002. Therefore, ray opinion will therefore address the "state of the art 1 ' as it existed in 
August, 2002. 

3 . I am -advised that currently pending claim I provider; 

A transgenic plant coil comprising an Oxidoreducla.se SUiess-Related 
Protein (ORSRP) coding nucleic acid P wherein the nucleic acid comprises 
a nucleotide sequence encoding a. protein having an amino acid sequence 
with at least 95% identity, with the sequence as sat forth in SEQ It) NO; 4 ? 
wherein expression of said nucleic acid in the plant cell results in 
increased- tolerance to an environmental stress associated with salinity, 
drought, and/or low temperature as compared to a non-transgenic wild 
type plant cell of the same species, and wherein the ORSRP h a heat- 
stable glutaredoxin protein. 

The claim m !' understand It requires. that a nucleic acid, encoding SEQ ID NO:. 4 - the 

encoded product of a yeast heat-stable gluteredoxin. gene, (herein "GRX2 gssne B '«?"SEQ ID NO: 

4) - Is expressed in a transgenic plant cell hi order to create a transgenic plant Expression of the 

GRX2 nucleic acid allows , the creation of transgenic plants which show increased tolerance to 

salinity, drought, and/on low temperature stress. The patent specification discloses haw to make 

such transgenic plants and the experimental results provided in the specification confirm that 

increased tolerance to the indicated stresses, relative to control plants, can be achieved when 

GRX2 is expressed In transgenic plants. 

4, Asx f understand it, the Official Action expresses that a person of ordinary skill in the art 
in August 2002 would have recognized that expression of a yeast ORX2 nucleic acid, in a plant 
would provide increased tolerance to salinity, drought and/or low temperature stresses, and that 
toe experimental findings in the specification of the current application which - establish this use 
are not unexpected. Cited to support that conclusion are a published international patent 
application to Lunahan et al. ("Lanahtm") 1 > and literature references to Gmt 2 , Gnml et tf£ 
("Grant "/..and Sammhon et al C-Samuetson"/ \ 



WO 00/36126. 

Biochemical, and Biophysical Research Communications, 187: 949 (1992), 
Biochimicaand Biophysics Acta, 1490:33 (2000), 
Plant Physiology, 1 1 S-5 1 (1 998). 
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5, I. have reviewed the references cited in the Official Action, and in my opinion, the content 
of these references is essentially correctly summarized in the Official Action in terms of what 
those references explicitly diseiose. However, I disagree- with certain of Che conclusions, which 
are drawn from, the disclosure of the -references in terms of what those references might suggest 
as to experiments which were not actually performed. In particular, 1. disagree -that a person of 
ordinary skill working in this art in August 2002 would have extrapolated from these references 
an expectation that expression of a. yeast GRX2 gene in a plant would have resulted in an 
increased tolerance to salinity, drought, and/or low temperature stresses. A M peiaon:of-o«lSnary 
skill" in this art -in August 2002 would have had at least a few years of experience in plant 
transforation work and familiarity with the scientific- literature regarding stress resistance, 

6, Initially. 1 note that there is no demonstration in any of the cited references thai 
expression of a yeast GRX2 gene in a plant confers an increased tolerance to either salinity, 
drought and/or low temperature stress in a transgenic plant in relation to a control plant To the 
extent such a conclusion can be supported by the references, St is based only upon, inference and 
not upon experimental confirmation.. I, therefore. address whether the skilled person would have 
expected stress-tolerant utility -based, on- information provided by the cited references, and in 
particular, whether the skilled person would have found such utility to be expected or 
predictable. 

7, ; "Particularly relevant to whether or not the claimed: stress-tolerant -phenotype would have 
been expected or unexpected is the disclosure of -Grant Of the cited references, only the Grant 
reference bears directly on this, question. The disclosure of Lanahan relates to plants containing 
different proteins (i.e. thioredoxin proteins, which are distinct from glutarcdoxin proteins), 9 The 
reference to Gem discloses- a relevant nucleic acid sequence (a yeast GRX2 .nucleic- acid) but 
discloses no transformation experiments and provides no suggestion as to the expected 
phenotype of plant ceils or plants transformed with yeast GRX2, The Samuehon reference 



Although the subject patent application discusses the use of both thioredoxin and 
gfutaredoxm nucleic acids to transform cells and plants, 1 am advised and it is apparent from 
claim 1 that the invention as currently being claimed Involves -transgenic cells and plants 
expressing the yeast glutaredoxin GRX2. 
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rdates'to the expression of yeast iron reductase enzymes. 6 Therefore, .1 focus my analysis on 
detailed consideration of tSie Grant disclosure, 

8, The background discussion of Grant 'discusses the potential role of yeast ghiiaredoxlns 
GRXI and GRX.2 in protecting cells against reactive oxygen species (ROS). Page 33, 2d -column. 
It was known at the time of Grant's publication that yeast ceils respond to stress conditions by 
altering expression offsets of genes" which are mediated by the stress response element (STRE). 
Page 34, r* column, 

9, The experiments reported by Grant investigated the differences m GRXI and GRX2 gene 
regulation in response to sirens and growth conditions, Page 34 s 2d column. Using lacZ fusion 
constructs to determine gltitaredoxin expression 1 levels, Grant- found.. that expression of both 
GRXI and GRX2 increased In -response to oxidative stress, heat shock and osmotic shock. Page 
35 f 2d column. Elevated expression was observed both on glucose media and also using non- 
fermentable carbon sources. Page 36, i Kt column, Yeast calls in exponential phase were 

challenged with oxidative stress, heat stress and osmotic stress. Page 30, 1 st column page 37, 1* 

column. Both' GRXI and GRX2 leveis were increased in response to stress^ although in different 
amounts* suggesting their different roles in the cell; Page 37, P* column. Grant then went on to 
analyze the promoter regions* and identified putative STRE elements associated with the GRXI 
and GRX2 promoter regions. The overexpression of GRXI and GRX2 was associated with a 
Ras-protein kinase A pathway, an Mm2 and Msn4 transcriptional activation pathway, and the 
high OKinoiarity glycerol pathway, Pages 37-39. 

10, From these experiments. Gram concluded that up-regulation of GRXI and GRX2 
resembled that of many stress-responsive genes. Page 40, 2d column. GRXI expression was up- 
regulated significantly more than GRX2 in response to heat and osmotic stress. Id 7 



u Sanmelmji.h^ been cited tO:show that yeast genes can be successfully expressed in 
plants to obtain an expected phenotype, Official Action, page 5, The genes encoding iron 
reductase enzymes used by Samu&Lwm are different from the yeast glutaredoxin gene GRX2, and 
the experiments described by Samuekon do not support an unqualified statement that any yeast 
gene, when expressed in a plant, will provide an expected phenotype in relation to the yeast 
phenotype. 

In my opinion, SarmteJson would not have led one to predict that expression of yeast 
GRX2 in plants would confer either expected phenotype or expected enzymatic function. 
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1 1 . The experiments reported by Gram, used a GRX2::!acZ fusion construct that contains 933 
bp of ORX2 promoter sequence and only a partial coding sequence (44 codbiis out of the total 
109 eodons). As identified by Grant, the promoter region of the yeast GRX2 gene contains 3 
copies of the putative STRE. See page 37, paragraph bridging left and right columns, Gmnfs. 
experiments confirm that the putative STRE elements found in the promoter region of the GRX2 
gene are responsive to the stresses tested Grant provides no experimental evidence that the gene 
product of the GRX2 gene -actually protects yeast ceils against the tested stresses, and only a 
truncated GRX2/iacZ fusion, product was expressed, 

12. The Official Action stales on page :S: 

"It is further maintained that Grant et ai, clearly teach that GRXI and GRX2 
(yeast glutarcdoxins) are - up-regulated by a range of stress conditions including 
oxidative, heat shock, osmotic (includes salinity) etc, (page 40, 3 rd paragraph). It 
is further maintained that Grant et al clearly teach that, yeast glutaredoxins are 
small heat-stable oxidoreduetases which play an important role in protecting a cell 
exposed to environmental stresses. Environmentai stress would include salt 
drought including low temperature, . , 

13, While "environmental stress" in the broad sense of the tenn would include salinity stress, 
drought stress, and low temperature stress* Grant did not test specifically for any of these 
particular types of environmental stresses. Grant provides no evidence that G.RX2 is up- 
regulated in response to the particular stresses recited in claim f (which by their nature are more 
relevant lo growing plants, than to growing yeast) or that transgenic GRX2 expression would 
improve tolerance to these particular plant stresses. While the production of reactive oxygen 
species (ROS) may be a common feature of different environmenlal/abiotic stresses, the actual 
mechanisms of the various stresses, and what pathways they share m common, are not fully 
understood in either yeast or in plants. 

14, It is appreciated by persons working in the art, both, now and in August 2002, that the 
stress response is extremely complex at the biochemical level As noted at page:2 of the . current 
specification, in. relation to plants: the cellular processes leading to drought, cold and salt 
tolerance are complex in nature and involve multiple mechanisms of cellular adaptation and 



To the extent that up-regulation of these genes suggests that over-expression would 
confer stress tolerance*, Grants-results could be taken to suggest that both GRXI and GRX.2 
would need to be eo-transfected into a recipient host ceU for the benefit to be realized.. 
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numerous metabolic pathways;' As mentioned above, Grartf acknowledges lbs complexity of the 
stress responses in yeast and refers to activation or "sets of genes* in response to stresses 

15, In particular, at the level of g!utaredoxms» a plant system h more complex that the yeast 
system. In yeast, five (5) glutaredoxm-like proteins are known, including GRXl, GRX2, and a 
relatively new family identified as giutaredo&m related .proteins GRX3, GRX4 and GRX5* 
Plants contain a higher number of glutaredoxin. genes. As of 2004 s 31 open reading frames 
encoding putative glutaredoxin genes had been identified m Arabidopsts thaliana* While there 
might he some amount of redundancy in the functions of the plant gktaredoxins (which is 
unknown at the present lime), the high number of glutaredoxin genes in plants suggests thai 
glutaredoxms in plants have highly specialized functions, The high number of genes also 
suggests that plant responses functions involving glutaredoxtas are more complex and are more 
intricately controlled than comparable, analogous responses which occur m. yeast 

16. At a very fundamental level, plants and, yeast are dissimilar in important respects. Yeast 
are unicellular organisms, whereas; higher plants consist of multiple organs which themselves 
contain various highly specialized cell types. On the single cell level, one prominent difference 
between plants and yeast is the occurrence of plastids in plants. For example, the plastids of 
green, plant cells, the chloroplast^ are the site of photosynthesis. In contrast, yeast cells do not 
contain plastids and are not capable of photosynthesis. In addition to the existence of plasties, a 
plant cell has a more complex endomembrane system. Because the sub-cellular compartments of 
plant cells can affect the specificity and function of a protein in plants, a gene may perform 
functions in yeast that it does not normally perform in. the plant. Specifically as to glutaredoxin 
genes, in August 2002 the glutaredoxin genes in plants,, and their, localization of action inside 
plant cells* was poorly understood, As slated in one article attached: 

"Grxs-are rather well known in bacteria (such as Escherichia coif), yeast and 
mammalian systems. In Rcoli there are. three Grx genes, at least five in yeast and 



a See, e.g. Rodriguez-Manmnequc et ah, MoL Cell Bio!. 19; 81-80 (1999), copy attached as 
EXHIBIT L 

See, e.g. Rouhkr etal, Cell MoL Life Set, 2004, -61: 1266-1277, copy attached as 
EXHIBIT 2 r 



6 



Application 10/523,352 



Docket No.: 1331 1*00032 4JS 



apparently only two in human . « , . On the other hand, the information about plant 
Grxs is- mow scarce" 10 

1 7> In view, of the considerations discussed above, I believe that a person skilled in the art in 
August 2002 would not have had a reasonable basis to believe that expression of a yeast GRX2 
gene in a plant would have predictably resulted in an increased tolerance to salinity, drought 
and/or tow temperature stress. At the most, a skilled person might have recognized a M&siMhfo 
that expression of a yeasi ORX2 gene in a plant would have increased tolerance to salinity, 
drought, and/or low temperature stresses, but this result, ooiild not have been confidently 
predicted, 

I hereby declare that all statements made. herein, are true and that all statements made on 
information and belief are believed to be true; and farther that these statements were made with 
the knowledge that willful -false, statsrcients and the like so made are punishable by fine or 
imprisonment, or both, under Section 1001 of Title 18 of the United States Code and that such 
willful false statements may jeopardize the? validity of the application or any patent issued 
thereon. 

Gerhard Rittc "" Date "* 

Attachments: 

Exhibit I: Rodriguez-Manzancquc ctal., MoL Cell Biol. 19: 81 80 {1999}, 
Exhibit!: Roubier.R, ctal,, Cell Moi, LlfeScL, 2004,61: 1266-1277, 
Exhibit 3: ftouhier R ? ei a3.,.FEBS Letters, 2002, 511: 145-149. 

f 7301 13 



1 0 Rouhier et al, FEDS Letters, 2002, 511: J 45- 149, at page 145, 2 nd column. Copy attached 
as EXHIBIT 3, 
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Grx5 Glutaredoxin Plays a Central Role in Protection against 
Protein Oxidative Damage in Saccharomyces cerevisiae 

MARIA TERESA RODRiGUEZ-MANZANEQUE, JOAQUIM ROS, ELISA CABISCOL, 
ALBERT SORRIBAS, and ENRIQUE HERRERO* 

Departament de Ciencies MMiques Basiques, Facultat de Medidna, 
Universitat de Lleida, 25198 Lleida, Spain 

Received 4 August 1999/Returned for modification 10 September 1999/Accepted 21 September 1999 

Glutaredoxins are members of a supcrfamily of thiol disulfide oxidoreductases involved in maintaining the 
redox state of target proteins. In Saccharomyces cerevisiae, two glutaredoxin s (Grxl and Grx2) containing a 
cysteine pair at the active site had heen characterized as protecting yeast cells against oxidative damage. In this 
work, another subfamily of yeast glutaredoxins (Grx3, Grx4, and GrxS) that differs from the first in containing 
a single cysteine residue at the putative active site is described. This trait is also characteristic for a number 
of glutaredoxins from bacteria to humans, with which the Grx3/4/5 group has extensive homology over two 
regions. Mutants lacking GrxS are partially deficient in growth in rich and minimal media and also highly 
sensitive to oxidative damage caused by menadione and hydrogen peroxide, A significant increase in total 
protein carbonyl content is constitutively observed in grx5 cells, and a number of specific proteins, including 
transketolase, appear to be highly oxidized in this mutant The synthetic lethality of the grx5 and grx2 
mutations on one hand and of grxS with the grx3 grx4 combination on the other points to a complex functional 
relationship among yeast glutaredoxins, with Grx5 playing a specially important role in protection against 
oxidative stress both during ordinary growth conditions and after externally induced damage. Grx5-deficient 
mutants are also sensitive to osmotic stress, which indicates a relationship between the two types of stress in 
yeast cells. 



Reactive oxygen compounds, such as hydrogen peroxide, the 
superoxide anion, and the hydroxy! radical derived from the 
latter, exert toxic effects on diverse cellular molecules, includ- 
ing the oxidation of protein thiol groups (10), Cells have de- 
veloped a number of protective mechanisms against this oxi- 
dant effect on proteins, the thiol-disulfide oxidoreductase 
activities of thioredoxins and glutaredoxins being among the 
more significant of these (9, 17, 18, 34). While thioredoxin 
directly reduces protein disulfide groups with NADPH as the 
hydrogen donor, the tripeptide thiol glutathione (L-7-glutamyl- 
L-cysteinyl-glycine) in its reduced form (GSH) acts as the hy- 
drogen donor for the reduction of protein disulfides by glutare- 
doxin (17). It has been proposed elsewhere that thioredoxin 
and glutaredoxin systems are essential for maintaining the ad- 
equate redox state of proteins in the intracellular environment 
and thus for regulating various cellular activities (1, 9, 17), 
However, only ribonucleotide reductase and 3'~phosphoadeny- 
lylsulfate reductase have been firmly recognized as in vivo 
targets for both systems (2, 28, 37). Even in this case, not all 
Escherichia coli glutaredoxins seem to participate in protection 
against oxidation of these substrates (28, 51), Thus, many of 
the in vivo targets of thioredoxins and glutaredoxins are still to 
be elucidated (1). Nevertheless, the presence of both thiore- 
doxins and glutaredoxins in different organisms, together with 
the conservation of their active sites through evolution (17, 18), 
points to their important role as intracellular protein antioxi- 
dants (1). 

Two genes encoding glutaredoxins (GRX1 and GRX2) in 
Saccharomyces cerevisiae have been characterized elsewhere 



* Corresponding author. Mailing address: Departament de Ciencies 
Mediqucs Basiques, Facultat de Medicina, Universitat de Lleida, Ro- 
vira Roure 44, 25198 Lleida, Spain, Phone: 34-973-702409. Fax: 34- 
973-702426. E-mail: enric.herrero@cmb. udl.es. 



(12, 29). Grx2 accounts for most of the glutaredoxin activity 
during exponential growth (29), The GRX1 and GRX2 gene 
products are highly homologous to rice, pig, and human glu- 
taredoxins, as well as to two E. coli glutaredoxins (18, 29). Cell 
growth is not affected in individual and double grxl grx2 mu- 
tants in either rich or minimal medium. On the other hand, 
while grxl mutant cells are particularly sensitive to oxidative 
stress caused by menadione (a generator of superoxide an- 
ions), the grx2 mutant is hypersensitive to hydrogen peroxide 
(29), suggesting separate roles for Grxl and Grx2 proteins in 
protection against several types of oxidative stress. Yeast 
gluthatione reductase (encoded by GLR1) regulates levels of 
GSH in the cells, providing the substrate for glutaredoxin. 
Thus, it is also necessary for protection against oxidative stress, 
as shown by the sensitivity phenotype of girl mutants to reac- 
tive oxygen species (15, 42), Yeast mutants with mutations in 
GSH1 (which codes for glutathione synthetase) do not grow 
unless glutathione is added to the medium (54), and diethyl- 
maieate-induced gluthatione depletion causes growth arrest 
(53). These observations indicate that GSH is necessary for cell 
proliferation, being required for glutaredoxin-mediated reduc- 
tion of protein disulfide bonds and/or performing additional 
essential roles in cell metabolism. With respect to the thiore- 
doxin system in S. cerevisiae, neither of the two individual 
mutants with mutations in the thioredoxin genes (TRX1 and 
TRX2) presents any defects in cell growth. This contrasts with 
the case of the double trxl irx2 mutant, which grows poorly 
even though deoxynbonucleotide levels in the cell remain un- 
altered (40, 41), thus pointing to additional functions of the 
thioredoxin system besides the role it plays in ribonucleotide 
reductase activity. The fact that the thioredoxin and glutare- 
doxin systems display at least partially overlapping functions in 
maintaining the physiological redox state of yeast proteins is 
supported by the observation that glutathione reductase tunc- 
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TABLE 1. Strains used in this work" 



Strain 


Relevant genotype 


Comments 






Wild type 


CML,Z3o 




Wild type 


IV1ML15 


M/lia gt%3::kanMX4 


Deletion in CML235 


MMLlo 


MATcl grx3::kanmX4 


Deletion in CML236 


rVlML17 


MAT* gtx4::kanMX4 


Deletion in CML235 


MML15 


MAT(x grx4::kanMX4 


Deletion in CML236 


MML19 


MAT* grx5::kanMX4 


Deletion in CML235 


MMLZU 


MA 1 a 'j;:kanMX4 


Deletion m CML236 


MML37 


MAT* grx3::kmMX4 <?x5::kanMX4 


From a cross, MML15 X MML20 


MML39 


MAT* gvx4::kanMX4 grx5::kanMX4 


From a cross, MML17 X MML20 


MML41 


MAT* grx3::kcu\MX4grx4::kanMX4 


From a cross, MML15 X MML18 


MML42 


MATa grx3::kimMX4 grx4::kanMX4 


From a cross, MML15 x MML18 


MML44 


MAT* grx2::LEU2 


Deletion in CML235 


MML45 


MAT* grx2::LEU2 grx3::k«nMX4 


From a cross, MML44 x MML16 


MML47 


MA T* grx2::LEU2 gx4::kanMX4 


From a cross, MML44 X MML18 


MML57 


MA 7 a grx5::kanMX4 ie(0 2 (GRX5)::kanMX4 


From MML20, by transformation with the pCM224 cassette (4) 


MML58 


MAT* px3;:kanMX4 gtx4::kcmMX4 


From a cross, MML41 X MML57 




grx5::kanMX4 tetG 2 (GRX5)::kcmMX4 


MML59 


MAT* grx2::LEU2 grx3;:kanMX4 grx4::kanMX4 


From a cross, MML42 x MML44 



" Wild-type strains CML235 (MAT* ura3-52 teu2M his3&200) and CML236 {MATa um3-52 ku2M his3A2Q0) are spores from FY1679 (diploid, MATa/a ura3-52! 
uraS-52 fe?i2A//+ his3&2G0f+ trplA63/+; from 13, Dujon, Pasteur Institute, Paris, France). The other strains have been obtained during this work. 



tion Is absolutely necessary for cell growth in aerobic condi- 
tions in a trxl trx2 mutant background. This is probably due to 
accumulation of toxic levels of oxidized glutathione in girl trxl 
trx2 mutant cells, while the single girl mutant displays normal 
vegetative growth (42). 

Besides thioredoxin and glutaredoxin, other cellular activi- 
ties protect cells from oxidative damage (19, 38). Some of the 
responsible genes are under the control of the Yapl transcrip- 
tion factor (15 , 24, 25, 49). However, protection against oxida- 
tion is also related to other types of stresses. Thus, the expres- 
sion of CTT1 (coding for cy tosolic catalase) is induced not only 
by oxidative damage but also by heat and osmotic stresses, 
through the action of the Msn2 and Msn4 zinc-finger transcrip- 
tion faetors on the STRE elements present in the CTT1 pro- 
moter (32, 33, 47). A number of dhTerent mutants which are 
hypersensitive to oxidative damage also displayed increased 
sensitivity to osmotic stress (23), One of the mutations in these 
mutants corresponds to the SKN7 gene, which codes for a 
response regulator in a two-component regulatory system that 
can be activated alternatively by osmotic stress (via the Slnl 
phosphorelay) or by oxidative stress and which regulates the 
expression of a number of genes including the TRX2 gene 
coding for a thioredoxin (6, 21, 27, 39). Nevertheless, the 
molecular basis that explains the relationship between osmotic 
and oxidative stress still remains to be characterized. 

In the course of the S. cerevisiae genome sequencing project, 
a family of three previously unknown open reading frames 
(ORFs) with homology to glutaredoxin genes has emerged. In 
this work, we present data confirming that this family of GRX3, 
GRX4, and GRX5 genes code for proteins with glutaredoxin 
activity and show evidence for a role of these genes in the 
defense against certain types of stress and for a functional 
interaction among them and with GRX2. Finally, we emphasize 
the importance of Grx5 in such defense functions. 

MATERIALS AND METHODS 

Strains and growth conditions- Yeast strains used in this work are described 
in Table L CML235 (M/lTa ura3-52 Ieu2M his3A200) and CML236 (like 
CML236 but iVlATa) were employed as wild-type strains. E. coli DH5« was used 
as a host for DNA cloning. Yeast cells were grown at 30°C in yeast extract- 
peptone-dextrose (YPD) medium or, when indicated, in SD minimal medium 



with adequate auxotrophic supplements (3) and glucose (at a 2% concentration) 
or glycerol (at 3%) as a carbon source. 

Gene disruptions and other genetic methods- Standard methods (3) were used 
for plasmid DNA preparation and manipulation and also for bacterial transfor- 
mations. Crosses between yeast strains, sporulalion, and tetrad analyses were 
carried out as described in reference 20, 

To delete GRX3> GRX4> or GRX5 in the wild-type CML235 and CML236 
strains, we made use of the famMX4 cassette from pFA6a-kanMX4, according to 
the short flanking homology strategy (52). A similar approach was used for 
disrupting GRX2 with LEU2 as a murker, except that a pFA6a-kanMX4 deriv- 
ative (plasmid pCM376, containing the yeast LEV2 gene and flanking regions 
instead of kaiiMX4) was used for amplification of the disruption cassette, in all 
cases, the DNA cassette was amplified by PGR with Expand High-Fidelity en- 
zyme (Boehringer), followed by DNA transformation of yeast cells (4), Oligo- 
nucleotides for cassette amplification were designed in such a way that most of 
the targeted gene was disrupted upon transformation with the amplified DNA. 
Thus, for the disrupted GRX2 gene, only 9 bp of the original ORF remains at the 
5 f end and 11 bp remains at the 3' end; for GRX3, 2 and 19 bp remain, 
respectively; and for GRX4, 10 and 9 bp remain, respectively* For GRX5, the 
deletion covers from base +25 (origin at +1) up to the stop codon. Deletions 
were confirmed by PGR. 

Sensitivity to stress conditions. Exponentially growing ceils at about 10 7 ceils 
per ml were treated with the respective compound, which was directly added to 
the growth medium at the concentrations and during the intervals indicated for 
each experiment. Untreated cultures were incubated in parallel over the same 
periods. Viability was determined by colony counts on YPD plates (each dilution 
three times) after 3 days of incubation at 30 D C. Total cell number was determined 
from formaldehyde-fixed samples, by using an Epics XL flow cytomeler 
(Coulter). 

Analysis of cell wail-altered phenorype. Agents used as indicators for cell wall 
alterations were tested by spotting 4-uJ samples of 1/8 serial dilutions of cultures 
exponentially grown in YPD at 30*0 (initial concentration of 10 7 cells per ml) on 
YPD plates containing the respective agent and monitoring growth after 3 days 
at 30°C The following compounds and concentration ranges were employed: 
calcotluor white, 25 to 75 p.g/mi; sodium dodecyl sulfate (SDS), 0.05 to 02%\ and 
Caffeine , 5 to 20 mM. 

Northern blot analyses, RNA purification, electrophoresis, probe labelling 
with digoxigenin, hybridization, and signal detection were carried out as previ- 
ously described (11). Signals were quantified with the Lumi-Imager equipment 
(Boehringer) software. Probes for the GRX3, GRX4, and GKXS genes were 
generated by PGR from genomic DNA, by using oligonucleotides designed to 
amplify fragments covering the entire ORF without adjacent sequences. 

Preparation of cell extracts and determination of enzyme activities. Extracts 
were prepared from yeast cells exponentially growing in YPD medium at 30°C by 
collecting, washing, and finally resuspendmg them (at 1:100 of the original 
volume) in 20 mM imidazole buffer (pH 7.0) plus 2 mM EDTA and protease 
inhibitors (2 mM phenyimethylsulfonyl fluoride, 0,2 mM toiylsulfonyi phenylula- 
nyl chloromethyl ketone JTPCK], and 2 f^M pepstatin, final concentrations). 
Cells wore broken by repeated vortexing in cold conditions with an equivalent 
volume of glass beads (0.6-mm diameter; Sigma), followed by low-speed centrlf- 
ugation (4,000 X g for 5 min at 4"C). This supernatant was again centrifuged at 
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30,000 X g for 40 min at 4 rt C, and the final supernatant was kept for further 
analyses. 

Glut arc doxin (GSH disulfide oxidoreductase) activity was measured by the 
reduction of the mixed disulfide formed between ft-hydroxyethyl disulfide and 
glutathione* according to reference 18. Cell extracts were heated at 85°C for 5 
min to inactivate glutathione reductase, thioredoxin reductase, and other inter- 
fering activities. Glutathione reductase activity was determined as previously 
described (14), following the decrease in absorbancc (340 nm) due to the oxi- 
dation of NADPH. Transketolase activity was determined as described in refer- 
ence 22. The protein concentration was measured by the Bradford method. 

Quantification of protein carbon;! groups. The protein carbonyl content in 
crude extracts was determined according to the dmitrophenylhydrazme deriva- 
t beat ion method (26), Quantification was carried out with a Zorbax GF-25Q 
high-pressure liquid chromatography gel filtration column at flow rate of 1 
ml/min at 30°C, Absorbance at 276 and 370 nm was monitored with a Waters 996 
diode array detector. 

Other analytical and preparative protein methods. Analytical SDS-poiyacryl- 
umidc gel electrophoresis and immunodetection of peptides bound to 2,4-dini- 
trophenylbydrazones (DNPs) were carried out as previously described (48). 
Anti-DNP antibodies (supplied by DAKO) were employed at a 1:4,000 dilution. 
Preparative electrophoresis, peptide mapping (after limited proteolysis with en- 
doproteinase VS from Staphylococcus aureus), and sequencing were conducted us 
described in reference 50, 

Sequence analyses* FASTA analysis {as provided by the Munich Information 
Centre for Protein Sequences [35]) was initially carried out to compare each pair 
of protein sequences. Multiple protein alignments were calculated with the 
CiiJSta£W package (16). The Sequence Space algorithm (S) was applied to re- 
gions where significant alignments could be established, in order to classify 
sequences into groups according to their similarity. The original algorithm was 
implemented in a Mathematics package, and all computations were performed 
with this program. 

RESULTS 

A new glutaredoxin family in S. cerevisiae* Analysis of the 
yeast genome revealed the existence of a family of three ORFs 
(YDR098c, YER174C, and YPL059w) whose products display 
significant homology to known glutaredoxins. ORFs YDR098c 
and YER174c have N- terminal extensions that are absent in 
YPL059w (Fig. 1A). In the homologous region, the predicted 
protein sequences of all three ORFs display 29% identity, 
which increases to 71% when only YDR098c and YERI74c are 
considered. The highest homology concentrates in two sepa- 
rate regions (Fig. 1A). The most N- terminal of these regions 
includes a common cysteine residue. In contrast with other 
glutaredoxins from yeasts or other prokaryolic or eukaryotic 
organisms (18, 29), a motif of two cysteine residues separated 
by two additional amino acids does not occur in the above 
three ORF products, although YPL059c contains a second 
cysteine in the most C-termtnal homology region. 

Comparisons were extended to a total of 23 putative glu- 
tarcdoxin protein sequences present in the databases (Fig. IB). 
This allowed us to define two subfamilies of glutaredoxins 
based on the sequence patterns of the two regions of highest 
homology, here referred to as regions N and C. Homology in 
region C (the most C-terminal) extends to all members of the 
two subfamilies, with a total of four residues conserved in all 23 
proteins. In contrast, alignment in region N (the most N- ter- 
minal) was significant only when applied within each subfamily. 
Members of subfamily 1 all contain the motif PXCG/AFS/P (X 
being nondefmed), with no other cysteine residue being 
present in this region, while subfamily 2 is denned by the 
above-mentioned motif CPY/FC. This motif partially defines 
the characterized active site of some glutaredoxins (43, 55), all 
of which are included in subfamily 2. No equivalent studies 
have been reported for subfamily 1 members. Interestingly, 
glutaredoxins of both subfamilies coexist in organisms ranging 
from bacteria (i.e., E, coti) to higher eukaryotes (such as hu- 
mans) (Fig. IB). In the case of S, cerevisiae, the previously 
characterized GRX1- and Gi£E2-encoded glutaredoxins (29) 
are ascribed to subfamily 2, while the products of YDR098c, 
YER174c, and YPL059w are subfamily 1 members. From the 



homology patterns and also from the determination of enzyme 
activities (see below), we propose to rename these last three 
ORFs GRX3, GRX4, and GRX5, respectively. 

The Sequence Space approach (8) was used for a more 
detailed comparative analysis of the 23 glutaredoxin se- 
quences, separately for regions N and C (Fig. 2). When this 
method was used to analyze region C in the whole set of 
sequences, the previously denned subfamily 1 clustered sepa- 
rately from the remaining sequences, Inside this cluster, Grx5 
appears closer to glutaredoxins from multicellular eukaryotes 
than to yeast Grx3 and Grx4, which are positioned almost 
together. The 10 sequences of subfamily 2 were divided into 
three clusters corresponding respectively to bacterial mole- 
cules, mammalian molecules, and a cluster of yeast (S. cerevi- 
siae Grxl and Grx2 and Schizosaccharomyces pombe) and rice 
glutaredoxins. This same division in subfamily 2 glutaredoxins 
was confirmed from analysis of region N, with the difference 
that rice glutaredoxin mapped closer to K call glutaredoxins. 
Sequence analysis of region N in subfamily 1 confirmed the 
relative distance between Grx5 and Grx3/4. Although these 
three proteins are all positioned in the same cluster, the Grx5 
sequence comes closer to Arabidopsis thallana or human glu- 
taredoxins than to Grx3 and Grx4, 

A triple grx3 grx4 grx5 mutant is not viable. In order to 
genetically characterize the new glutaredoxins, null individual 
mutants were obtained for each of the GRX3, GRX4, and 
GRX5 loci and also double mutants derived from their respec- 
tive crosses. Cultures of the grx3 or grx4 mutants displayed the 
same growth phenotype as the wild type both in rich and in 
SD-glucose minimal medium at the temperature intervals 
ranging from 15 to 37°C, In contrast, in grx5 mutant cells 
growth rate was decreased by a factor of 1.6 compared to 
wild-type cells in YPD medium at 3Q°C (Table 2). Moreover, 
this mutant grew poorly in SD-glucose medium at 3Q°C and 
was unable to grow when the temperature was increased to 
37°C. The grx5 mutation was also linked to the inability to grow 
in YP-glyceroI medium. Growth characteristics were even 
more affected in the grx3 grx5 double mutant (although not in 
the gpc4grx5 and grx3 grx4 mutants) with respect to grx5 mutant 
cells (Table 2). 

In order to obtain the multiple mutant disrupted in all three 
glutaredoxin genes of subfamily 1, agtx3grx4 mutant strain was 
crossed with a grx5 mutant. Fifty tetrads derived from the 
resulting diploid were analyzed, and yet no grx3 grx4 grx5 mul- 
tiple mutant could be isolated, in contrast to the other possible 
genotype combinations. To confirm that the above combina- 
tion was nol viable, we employed the tetO promoter substitu- 
tion cassette (4) to substitute the chromosomal GRX5 pro- 
moter for the doxycycKne-regulatable tetO promoter in a grx3 
grx4 mutant background. The resulting strain was able to grow 
in the absence of doxycyclme but arrested growth in the pres- 
ence of the antibiotic (data not shown), confirming that inac- 
tivation of the three glutaredoxins was lethal for yeast cells. 

Glutaredoxin-reduced activity causes protein oxidative 
damage in grx3, grx4, and grx5 mutants under ordinary growth 
conditions. In order to prove that GRX3, GRX4, and GRX5 
code for proteins with glutaredoxin activity, we measured en- 
zyme levels in the respective single mutants (Table 2). In gix2 
and grx3 mutants, glutaredoxin activity decreased by 40% with 
respect to wild-type ceils. It is remarkable that although grx5 
mutant cells showed growth defects not observed in the grx3 or 
grx4 mutants, the decrease in glutaredoxin levels ingrx5 mutant 
cells was only slightly higher than that in the other two mu- 
tants. While in the grx3 grx4 double mutant there seemed to be 
a compensatory effect in activity levels relative to the respec- 
tive single mutants, glutaredoxin activity in mutants affected in 
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FIG. 1. Comparative analysis of glutaredoxin sequences, (A) Alignment of the S. cerevis'me Grjtf, Grx4, and Grx5 amino add sequences deduced from the nucleotide 
sequences of their respective ORFs, Com nion residues in the three sequences are shaded. The N-termmal extensions of Grx3 and Grx4 are not represented. The asterisk 
marks the common cysteine residue present in all three sequences. A second cysteine present in Gr*5 is underlined. (B) Sequence analysis of relevant regions of 23 
different glutaredoxin proteins. Regions N and C are respectively the most N- and C-tcrminal regions of the molecules for winch significant alignments can be 
established. Sequences outside these two regions are not represented. Subfamilies 1 and 2 are initially defined according to the consensus sequences indicated in the 
figure, For the consensus sequences, residues identical in all members of each sub-family are represented in uppercase letters, while those common to at least 75% of 
them are in lowercase letters. More details about these sequences can be obtained from reference 36 t & ducreyi, Haemophilus ducreyi; K 'influenzae^ Haemophilus 
influenzae; L. pneumophila, Legionella pneumophila; R. prowazekii, Iiickeftsia prowazekii; C. elegant, Caenorhabditis etegatts. 



GRX5 phis one of the other two genes was similar to that in the 
single grx5 mutant. Glutathione reductase aetivity, measured as 
a control, maintained equivalent levels in all the strains tested 
(Table 2). 

It has been proposed that giutaredoxins participate in the 
maintenance of an adequate intracellular concentration of thi- 
ols, which play an antioxidant role in the cell (9, 34). Therefore, 
we tested whether the previously mentioned deletion mutants 
have higher basal levels of protein oxidative damage than wild- 
type cells. For this purpose, we measured the protein carbonyf 
content in crude extracts from cells grown in YPD medium. 
This parameter has been widely used to assess minimal values 
of protein damage under oxidative stress conditions (26, 48, 
50). As shown in Table 2, single g)x3 and grx4 mutants dis- 



played a moderate increase in carbonyl content with respect to 
wild-type ceils. This increase was more severe in the g?x5 mu- 
tant. In the case of the double mutants, the carbonyl content 
was slightly increased in grx3 grx4 mutant cells and markedly 
increased in gt%5 mutant cells that also contained inactivating 
mutations in GRX3 or GRX4. The eifect of inactivation of the 
already-known glutaredoxin GRX2 gene on protein oxidative 
damage was then checked in the same way (Table 2). In this 
case, the decreased levels of glutaredoxin enzymatic activity in 
the gjvc2 mutant cells were also reflected in an increase in 
protein carbonyl content of about 15% with respect to wild- 
type cells. This was of the same magnitude as that in the grx3 
and grx4 mutant ceils but clearly less than the values obtained 
for the grx5 mutant. In the case of the double mutants, a 50% 
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FIG, 2. Sequence Space analysis of the glutaredoxin family. Principal component analyses of the protein sequences are shown (from left to right) on the resulting 
1-2, 1-3, and 2-3 discriminant axes (8). Analyses were carried out separately for region N in subfamily 1, region N in subfamily 2, and region C in the whole glutaredoxin 
family. Bach point in the plots represents an individual sequence identified by a number. Distances between points are proport ional to sequence divergence. Sequence 
clusters are defined according to proximity in the resulting plots (continuous lines). These clusters were tentatively divided into subsets of sequences (dashed lines) when 
the results on the three dimensions suggested the existence of relevant subgroups. See the Fig. 1 legend for genus abbreviations. 



increase was observed for grx2 grx3 mutant cells, and one of 
30% was observed in the case of the grx2 grx4 mutant. 

To test whether the observed increases in protein carbony! 
content in mutant cells aifected the whole protein pool or only 
some proteins, we used Western blot analysis to compare the 
patterns of oxidized proteins exhibited by wild-type and mutant 
strains (Fig. 3). All the bands observed in wild-type cells that 
have to be considered background levels of protein oxidation 
increase in all mutants, Furthermore, in the mutants lacking 
GRX5 at least one band appeared to be specifically oxidized 
(indicated by an asterisk in Fig. 3). This was not observed in the 
other mutant strains. By using crude extracts fromgrxJ mutant 



cells, this protein band was purified to homogeneity by prepar- 
ative electrophoresis, and its N terminus was sequenced. The 
protein was identified as transketolase. This was further con- 
firmed by the N-terminal sequence of one oxidized peptide 
obtained after limited proteolysis of the whole protein with 
endoproteinase VS. Further extending these results, transke- 
tolase activity was measured in extracts from wild-type andg?x5 
mutant cells. The latter exhibited only about 25% of the activ- 
ity present in wild-type cells (20 versus 83 mU/mg of protein), 
confirming that oxidation leads to enzyme inactivation. 

Grx5 glutaredoxin plays a central role in protection against 
induced oxidative and hyperosmotic stresses. Once it was 



TABLE 2. Enzyme activities and protein oxidation levels in gtx mutants'' 



c ^ . Relevant Doubling Glutaredoxin Glutathione Cnrbonyl contend 

strain 



genotype time (min) b activity 1- reductase activity* Control Menadione Hydrogen peroxide 



CML235 


Wild type 


90 ±4 


51 ±4 


102 + 10 


0.69 ± 0,05 


1.28 ± 0.05 


0,96 ± 0.05 


MML15 


gix3 


94 ± 1 


30 ±3 


101 ± 6 


0.78 ± 0.06 


1.53 ± 0.05 


1.10 ± 0.05 


MML17 


gtx4 


92 ±5 


28 ±3 


97 ±6 


0.75 ± 0.03 


1.38 ± 0.05 


1.08 ±0.05 


MML19 


grx5 


145 ± 11 


22 ± 1 


96 ±6 


0.99 ± 0.07 


2.10 ± 0.05 


1.63 ± 0.05 


MML37 


gtx3 grx5 


208 ± 9 


19 ±4 


101 ± 10 


U6 ± 0.10 


ND 


ND 


MML39 


grx4 grx5 


147 ± 3 


21 ±4 


99 ±9 


1.15 ±0.12 


ND 


ND 


MML41 


grx3 grx4 


150 ± 16 


44 ±7 


98 ± 12 


0.89 ± 0.09 


ND 


ND 


MML44 


gix2 


88 ±2 


14 ±3 


ND 


0.81 ± 0.03 


1,50 ± 0.10 


0.95 ± 0.05 


MML45 


g)%2 grx3 


92 ± 1 


19 ± 4 


ND 


0.89 ± 0.11 


ND 


ND 


MML47 


grx2 %rx4 


90 ±2 


16 ± 4 


ND 


1.09 ± 0.14 


ND 


ND 


MML59 


grx2 grx3 grx4 


159 ±7 


8±2 


ND 


1.25 ± 0.15 


ND 


ND 



" Values are shown as means ± standard deviations. Three independent determinations were done in all cases. ND, not determined, 

h In exponential cultures in YPD liquid medium at 30 D C. 

r Nanomoles of NADPH oxidized per minute per milligram of protein, 

d Nanornoles of carbony! groups per milligram of protein, in untreated cells (control) or ceils treated for I h with 20 mM menadione or 2,5 mM hydrogen peroxide. 
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FIG. 3. Protein oxidative damage under normal growth conditions of wild type and gix single and double mutants. MATa strains were employed. Cultures of wild 
type (CML235) and smgle and double mutants were grown in YPD liquid medium at 30°C until an optical density at 600 nm of 1 was reached. The crude extracts 
obtained were analyzed by Western blotting with anti-DNP antibodies (B). A parallel run stained with Coomassb brilliant blue is shown in panel A. Each lane contained 
20 ^g of total protein. Asterisks mark the identified transketolase band (see text for details}. 



demonstrated that the products of GRX3, GRX4, and GRX5 
are required for maintaining normal glutaredoxin levels in the 
cell, we next studied their role in protection against an exter- 
nally induced oxidative stress. The effect of hydrogen peroxide 
and menadione (a generator of superoxide radicals) on viabil- 
ity was tested when they were applied to exponentially growing 
cells. Disruption of GRX3 and GRX4 had only a moderate 
effect on sensitivity to menadione and no effect on sensitivity to 
hydrogen peroxide, while disruption of GRX5 caused a dra- 
matic increase in sensitivity to both oxidants (Fig, 4A). The 
grx3 grx5 and gtx4 grx5 double mutants were not markedly more 
sensitive to menadione and hydrogen peroxide than were grx5 
single mutants (Fig. 4B). In fact, survival after long-term treat- 
ment was slightly higher in grx3 grx5 mutant cells than in grx5 
mutants, although this may be an efect of the lower growth 
rate of the double mutant. 

Protein damage promoted by adding 20 mM menadione or 
5 mM hydrogen peroxide to growing cells was analyzed by 
Western blotting (Fig. 4C). In these conditions, the grx3 and 
grx4 mutants revealed only a moderate increase in the level of 
protein oxidation with respect to wild- type cells, while a heavily 
oxidized protein band pattern was exhibited by the grx5 mu- 
tant. For comparison, we included the already-described grx2 
mutant, which displayed a protein oxidation pattern similar to 
those observed in wild-type cells and grx3 and grx4 mutants. In 
agreement with the data presented in Table 2, the overall 
increase in carbonyl content in mutant cells was not due to a 
qualitative difference of oxidation in particular protein bands 
but to an increase in oxidative damage in most protein bands 
present in all the stressed strains. 

Other authors have shown that some yeast mutants hyper- 
sensitive to oxidants are also more sensitive to osmotic stress 
(23). We therefore tested the sensitivity of grx5 mutant cells to 
hypertonic conditions. This mutation increased sensitivity to 
high concentrations of KC1 more than 10-fold, and the sensi- 
tivity was even higher in the double gjx3 gtx5 mutant (Fig, 5A). 
To show that this eifect was not caused by ion toxicity, we 
tested the effect of sorbitol at a concentration of 2 M or higher 



on transitory cell division arrest after the osmotic shock. In 
these conditions, growth was also more affected in grx5 mutant 
cells than in the wild-type strain (Fig. 5B), confirming that the 
Gn6 product protects not only against oxidative stress but also 
against different types of hyperosmotic stress. On the other 
hand, none of the grx3, gix4, or grx5 single mutants was more 
sensitive than wild-type cells to heat shock (shift from 25 to 
37°C [data not shown]). 

The hypersensitivity of #?x5 mutant cells to osmotic stress 
could have been caused by the effect of reactive oxygen species 
on cell wall architecture, To analyze this possibility, we tested 
the sensitivity of wild-type and#re5 mutant cells to a number of 
especially toxic agents for cells altered in celi wall structure 
(31). grx5 mutant cells did not show increased sensitivity (rel- 
ative to wild-type cells) to ealeorluor white, SDS, or caffeine 
(data not shown), thus eliminating the possibility of explaining 
increased osmotic sensitivity as being a direct consequence of 
hyperoxidation of cell wall molecules. 

Grx2 and Grx5 functions can substitute for each other. Grx2 
has been reported to account for most of the glutathione- 
dependent oxidoreductase activity of glutaredoxins in yeast 
cells and to play an important role in protection against hy- 
drogen peroxide, but not against menadione (29). It was pos- 
sible to obtain gnc2 gtx3 and gix2 gix4 mutant strains by stan- 
dard genetic crosses from their respective single mutants, and 
they had significantly reduced oxidoreductase activity com- 
pared with single grx3 ovgrx4 mutants (see above and Table 2), 
However, no double gtx2 grx5 mutant could be obtained from 
a total of 40 tetrads analyzed. We conclude that this mutant 
combination is lethal and therefore that Grx2 activity can func- 
tionally substitute, at least in these particular conditions, for 
the loss of activity in grx5 mutant ceils. Loss of GRX2 caused a 
less-than-threefold increase in sensitivity to hydrogen peroxide 
stress in cells grown in SD-glucose medium, and this was of the 
same order as that in the double grx2$x3 &ndg)%2grx4 mutants 
(Fig, 6). Differences in sensitivity between wild-type and grx2 
mutant cells were even smaller in cultures grown in YPD 
medium (data not shown). 
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FIG. 4. Sensitivity of S. cerevisiae grx mutants to oxidative agents. MAT* strains were employed. (A) Cultures of wild-type (CML235) and single mutant strains 
growing exponentially in YPD liquid medium at 30°C were exposed to the indicated agents and concentrations, and viable numbers (relative to time zero values) were 
determined at different times. (B) As in panel A, except that lower agent concentrations were used to determine sensitivity of double mutants compared to wild-type 
and single mutant strains. (C) Protein oxidative damage in wild type and glutarcdoxin mutants under stress conditions. Cultures of wild type and single glutarcdoxin 
mutants were grown in YPD liquid medium at 3G a €, and at an optical density at 600 nm of 1 3 menadione or hydrogen peroxide was added to the cultures at the final 
concentration of 20 or 5 mM > respectively. After 60 min of treatment, the cultures were harvested by eentrifugation and crude extracts were obtained. Analyses by 
Western blotting with anti-DNP antibodies were conducted as described in Materials and Methods. Each lane contained 10 |ig of total protein. 
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FIG. 5. Sensitivity of S. cercvisiae mutants io hyperosmotic treatments. (A) Exponentially growing wild-type (CML235) and mutant {MATt\ type) cells in YPD 
medium at 30°C were supplemented with 2 M KCl, and cell viability (made relative to parallel untreated cultures) was determined at the indicated times. (B) 
Exponentially growing cells in YPD medium were treated with sorbitol at the final concentrations indicated, and incubation was continued under these conditions. Total 
cell numbers were measured at subsequent periods. Bars represent the lag periods after sorbitol addition during which cell division remained arrested before cultures 
resumed growth. 



A triple grx2 grx3 grx4 mutant was subsequently obtained by 
standard genetic crosses. Loss of the three genes caused about 
the same effect on ceil growth rate in rich medium as the loss 
of the single GRX5 gene (Table 2), although the multiple 
mutant grew more efficiently in minimal medium than did the 
grx5 mutant (data not shown). Simultaneous disruption of 
GRX2, GRX3 S and GRX4 caused a 50% reduction in total 
cellular glutaredoxin activity compared to the single grx2 mu- 
tant or the double grx2 grx3 and grx2 grx4 mutants. Correspond- 
ingly, total protein carbonylation was higher in the triple p%2 
grx3 grx4 mutant than in the other single and double mutants 
(Table 2), and sensitivity to hydrogen peroxide was higher in 



10 - 




FIG, 6, Effect of oxidative stress (5 mM hydrogen peroxide for 1 h) on ceil 
viability of grx mutants {MATa strains) compared to that of wild-type cells (strain 
CML235). Cells were grown exponentially at 30T in SD medium plus glucose, 
and after treatments, they were plated on YPD solid medium in order to deter- 
mine viability. Bars indicate the percentages of viable cells relative to those in 
parallel untreated cultures. 



grx2grx3grx4 mutant cells than in the single grx2 mutant and of 
the same order as that in the gr%5 mutant (Fig, 6), We can 
conclude that although Grx2 and GrxS can functionally substi- 
tute for each other, loss of Grx5 has more severe effects on cell 
physiology than loss of Grx2 alone and that in order to observe 
effects comparable to those of the loss of Grx5, it is necessary 
to simultaneously eliminate Grx2, Grx3, and Grx4. 

Expression of the GKK3~GKX4-GRX$ gene family in re^ 
sponse to stresses. The transcriptional pattern of GRX3, 
GRX4, and GRX5 was measured under several conditions (Fig. 
7). Maximum expression for the three genes occurred during 
the exponential growth phase. As cells traversed the diauxic 
shift, transcript levels progressively decreased to under detect- 
able levels in stationary phase. However, the rate of mRNA 
disappearance was different for each of the three genes, GRX3 
mRNA rapidly became undetectable, while GRX4 expression 
was still detectable until the postdiauxic stage (Fig. 7). The 
expression of the three genes was not inducible under any of 
the three stresses applied (osmotic, oxidative with hydrogen 
peroxide or menadione, and heat). In fact, all three types of 
stress caused a reduction in the respective mRNA levels. This 
was moderate for GRXS and more intense for the other two 
transcripts. We can therefore conclude that the role of the 
Grx5 glutaredoxin in protection against oxidative and osmotic 
stresses does not depend on transcriptional changes induced by 
the respective type of stress, 

DISCUSSION 

Glutaredoxins arc important for maintaining the reducing 
status of thiol groups in proteins (1, 9, 45), Together with 
thioredoxins, they are members of a superfamily of proteins 
that exert their activity through a disulfide exchange reaction 
involving one or two cysteine residues at the active site. The 
initially characterised members of the glutaredoxin family con- 
tained a CXXC active site } with XX being FY in most cases. 
Studies of phage T4 (43), pig (55), and K coli (44) glutaredox- 
ins have shown that of the two cysteine residues, only the most 
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FIG, 7, Northern blot analyses of ORX3, G^Y< and GRXS expression. Samples were taken at different stages of the population growth curve in YPD liquid medium 
at 3CTC (A) or after treatment of mid-exponential-phase cells (at 30 C C except for heat shock) with KCl {0,5 M), hydrogen peroxide (0.4 mM) f menadione (2 mM), or 
heat shock for the indicated times (B). Small nuclear U2 mRNA is shown as the loading control. Numbers under the lanes indicate the mRNA levels for each time 
point, relative to the mid-exponential-phase sample. For heat shock analysis, the time zero sample corresponds so exponential cultures at 25°C. 



N-terminal is absolutely essential for enzyme activity, while 
mutants with mutations in the more C~terminal cysteine retain 
part of their GSH oxidoreductase activity (7, 43, 44, 55), Giu~ 
taredoxin-mediated protein glutathionylation has been ex- 
plained in terms of the participation of a single cysteine (43). 
Studies involving an E. coli glutaredoxin mutated at the second 
cysteine residue indicate that both cysteine residues are re- 
quired for reduction of protein disulfides (such as that in ri- 
bonucleotide reductase) through a dithioi mechanism, while 
the deglutathionylation of protein substrates would employ a 
monothiol mechanism (7) that could play an important phys- 
iological role at the endoplasmic reticulum for the mainte- 
nance of native protein conformation (30). Here we define a 
group of three new glutaredoxin s (Grx3 to Grx5) in S. cerevi- 
siae that structurally differ from the subfamily containing the 
CXXC motif at the active site and that constitute a separate 
subfamily including members ranging from bacterial to human 
glutaredoxins. Members of the latter subfamily contain the 
motif CG/AFS/P. The fact that this is the only conserved cys- 
teine residue present in the members of this subfamily suggests 
that it may be part of the active site of the enzyme. Most 
members of this new subfamily also contain one or two basic 
amino acid residues separated by a few positions from the 
cysteine residue toward the C end- The presence of one or two 
basic residues close to the active site is also characteristic of the 
first subfamily, and it has been suggested that it might be 
needed for the thioltransferase reaction due to the enhance- 
ment of the S nucleophilicity of the reactive cysteine (55), This 
analogy reinforces the role of the CG/AFS/P motif in the 
reactivity of the glutaredoxins of the new subfamily. 

The Grx3, Grx4, and Grx5 yeast glutaredoxins display se- 
quence differences, though all three are members of the single- 
cysteine subfamily. Grx5 lacks part of an N-terminal domain 
present in Grx3 and Grx4, Application of the Sequence Space 
method (which allows sequence clustering based on amino acid 



conservation) has shown the Grx5 sequence to be closer to 
plant or mammalian glutaredoxin sequences than to Grx3 or 
Grx4, This method also permits us to observe that Grxl and 
Grx2 yeast glutaredoxins are structurally separated from the 
Grx3/4/5 group. In the C-terminal region of homology, Grx5 
contains the IGGC motif, which is absent in the other four 
yeast glutaredoxins but is present in the mammalian members 
of the cysteine-pair subfamily, The glycine pair in the above 
motif is common to all glutaredoxins of both subfamilies and 
might contribute to bringing an aspartic acid residue close to 
the active site cleft. The role of this conserved aspartic acid has 
been shown to be essential in the case of pig glutaredoxin (43). 

Cell growth rate is not affected by single mutations in GRX1 
to G.RX4 (reference 29 and this work). In contrast, grx5 mutant 
cells are constitutively affected m growth pattern (lower growth 
rate in rich medium, poor growth in minimal medium, and no 
growth in glycerol medium). Simultaneously, the g)%5 mutant 
has a higher basal protein carbonyl content than the other 
single glutaredoxin mutants. Since carbonyl content is em- 
ployed as a measure of oxidative protein damage, the above 
observations could be interpreted as indicating that the Grx5 
glutaredoxin has an important role in protection against oxi- 
dative damage of proteins during exponential growth. This 
could be correlated with the role of glutaredoxins in the ho- 
meostatic maintenance of intracellular thiols, which are nec- 
essary for several antioxidant activities in the cell (9, 34). In 
E. coli, protein oxidative damage is higher during respiratory 
growth conditions (50), and this also appears to be the case in 
S. cerevisiae (46), which would explain the inability of grx5 cells 
to grow on glycerol when it is the only carbon source. The 
correlation cannot be extended, however, to all situations in- 
volving respiratory metabolism. Thus, during the postdiauxic 
growth stage, GRX5 expression decreases and the viability of 
the grx5 mutant is not affected. In this situation, yeast cells 
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perhaps employ alternative protection strategies against oxida- 
tive damage. 

When cells are oxidatively stressed with menadione or hy- 
drogen peroxide, the accumulation of protein damage is much 
higher ing/%5 mutant cells than in wild type or in the other gra 
mutant strains. This again correlates with the extreme effect of 
these situations on grx5 mutant viability, Therefore in those 
conditions in which an external oxidative stress is applied, 
there is a close relationship between the extent of protein 
carbonylation and the effect on cell growth, and these data 
confirm that Grx5 may be the most important glutaredoxin in 
protecting exponentially growing yeast cells against oxidative 
protein damage not only under normal growth conditions but 
also during induced stress. In carrying out this antioxidant 
function, Grx5 does not discriminate between the effects 
caused by menadione and those caused by hydrogen peroxide, 
in contrast with the protective role that Grx2 performs exclu- 
sively against hydrogen peroxide (29). 

This relationship between protein carbonylation levels and 
growth defects has one exception. Simultaneous lack of Grx2, 
Grx3, and Grx4 has a more profound effect on constitutive 
protein oxidation than on cell growth. Also, the relationship 
cannot be strictly extrapolated to explain the relative contri- 
bution of each glutaredoxin species to overall cellular glutare- 
doxin activity. Total GSH oxido reductase activity due to Grx5 
alone seems to be similar to that of Grx3 or Grx4 but less than 
that of Grx2, However, the rate of growth is affected much 
more in gtx5 mutant cells. These deferential effects of the g?x 
mutations on growth could be explained by the fact that spe- 
cific yeast glutaredoxins could identify individual protein sub- 
strates instead of acting as general GSH oxidoreductases. 
While inactivation of each GRX3, GRX4, or GRX5 gene causes 
a general increase in oxidation levels of cell proteins, in the 
case of gfvc5 mutant cells some individual protein bands (de- 
tected by Western blot immunoassay) are more prominently 
oxidized. Among these, transketolase, which is not detectable 
as an oxidized species in wild-type cells, appears to be partic- 
ularly oxidized only in strains carrying the grx5 mutation, even 
in a nonstressed situation. The finding that transketolase is 
especially susceptible to oxidative stress in yeast cells is rele- 
vant considering that it has been shown recently that E. coli 
transketolase activity is negatively affected in superoxide dis- 
mutase-deficient mutants, as well as in hyperoxia conditions 
(5). The presence of carbonyl groups in transketolase and the 
inactivation of the enzyme could both be a consequence of the 
highly oxidized environment created inside g?x5 mutant cells. 
Subsequently, since transketolase is involved in the pentose 
phosphate pathway, inactivation of this enzyme might lead to a 
depletion of NADPH levels, which would account for the low- 
ered antioxidant capacity. Furthermore, this situation would 
block the possibility of redirecting carbohydrate metabolism to 
the regeneration of NADPH at the expense of glycolysis, which 
is what happens in wild-type cells a few minutes after hydrogen 
peroxide exposure (13), Under such circumstances, cell viabil- 
ity would obviously be compromised. Through depletion of 
erythrose-4-phosphate (which requires transketolase for its 
synthesis), superoxide dismutase deficiency causes auxotrophy 
for aromatic amino acids in E. coli (5). We tested whether the 
growth deficiency in grx5 mutant cells in minimal medium was 
relieved by the addition of aromatic amino acids, but this was 
not the case (data not shown). Thus, although transketolase 
inactivation may contribute to growth deficiency in this partic- 
ular situation, inactivation of other as-yet-uncharacterized pro- 
teins must be essential for the phenotype of Grx5-deficient 
cells. 

Mutations in GRX5 add to the list of oxidation-sensitive 



mutants which are also hypersensitive to osmotic stress (23). 
From our studies, the idea of a direct oxidative effect on cell 
wall architecture in grx5 mutant cells should be discarded. 
Signal transduction pathways responding to hyperoxidative 
and hyperosmotic signals are interconnected in yeast. The 
pathway interrelationship is exemplified by Skn7, which is a 
signal transducer whose activity can be regulated by osmotic 
and oxidative stresses (6, 21, 27, 39), For the moment, no 
evidence to suggest that GRX5 is a target for the pathways 
regulated by oxidative or osmotic signals exists, as the expres- 
sion of GRX5 is not induced by these stresses. Alternatively, 
the susceptibility of shared components of both types of path- 
ways to the protein-hyperoxidation situation created in Grx5- 
deficient cells would result in sensitivity to oxidative and os- 
motic stresses. 

The growth and stress sensitivity phenotypes of grx double 
mutants, together with the lethality of the grx2 gi%5 and grx3 
grx4 grx5 mutations, point to a central role of Grx5 in the 
regulation of the basal redox state of a number of functionally 
important proteins during exponential growth. Although we 
have not considered Grxl glutaredoxin, as it has been shown to 
play only a minor role in exponential conditions (29), we have 
observed that a multiple grxl grx2 gi'x3 grx4 mutant is viable 
(our unpublished observations). These results could be ex- 
plained by the existence of two different protein populations 
whose redox status could be separately regulated by the Grxl/2 
and the Grx3/4 groups, respectively, while Grx5 would be able 
to act on both groups of protein substrates. Alternatively, the 
dithiol Grxl and Grx2 enzymes and the monothiol Grx3, Grx4, 
and Grx5 enzymes could perform different thiol oxidoreduc- 
tase activities, the first group reducing protein disulfides 
through a dithiol mechanism and the second group degluta- 
thionylating glutathione-rnodified proteins through a mono- 
thiol mechanism (7, 30). Yeast cells would be unable to survive 
in the absence of the monothiol mechanism, but they would 
still be viable in the absence of the GSH-related dithiol one. In 
any case, Grx5 alone would be sufficient for maintaining the 
protein redox state, as it is able to replace the function of other 
glutaredoxins, at least when these are absent. This would also 
apply for an externally induced oxidative stress. In summary, 
Grx5 would act as a housekeeper for the adequate protein 
redox state during normal growth and as the agent responsible 
for the elimination of externally induced oxidative damage. 
Understanding the role of Grx5 and the other glutaredoxins 
will give us a better knowledge of how yeast cells protect 
themselves against constitutive and induced protein oxidative 
damage. 
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Abstract, Glutaredoxins are ubiquitous oxidoreductases 
which are similar to thioredoxms and possess a typical 
glutathione-reducible CxxC or CxxS active site. We pre- 
sent here the current knowledge about these proteins in 
plants. At least 3 1 glutaredoxin genes are present in Ara- 
bidopsis thaliana, a value close to the thioredoxin gene 
number, Based essentially on active site sequences, a 
classification of these multiple genes is proposed. The 
specificity of the various apparently redundant forms 
within the glutaredoxin group or between glutaredoxin 



and thioredoxin can be analysed in terms of differential 
spatiotemporal expression of the genes, specificity vs. 
target proteins and mode of catalysis (giutathiolation/ 
deglutathiolation processes appear to be a specific func- 
tion of glutaredoxin). Additional putative functions are 
proposed for plant glutaredoxins based on their targets in 
other organisms and in the light of the existence of hybrid 
proteins containing glutaredoxin modules in their N- or 
C-terminal part. 



Key words. Dithiol; glutaredoxin; giutathiolation; glutathione; monothiol; targets; thioredoxin. 



Introduction 

Glutaredoxins (Grx) are small ubiquitous oxidoreduc- 
tases of the thioredoxin (Trx) family The size of these 
proteins is generally ~ 10— 15 kDa with an active site se- 
quence CxxC or CxxS required for their redox properties 
[1], Grx are maintained reduced with the help of 
NADPH, glutathione reductase (GR) and glutathione 
(GSH), whereas cytosolic and mitochondrial Trx are re- 
duced by NADPH and NADPH thioredoxin reductase 
(NTR) [2-4]. In plants, various isoforms of Trx (Trx m, 
f, x s y and CDSP32 for chloroplast drought-induced pro- 
tein of 32 kDa) are also present in the chloroplast [3,5]. 
In this organelle, they are reduced via the electron trans- 
port chain with the help of two stromal proteins contain- 
ing Fe-S clusters called ferredoxin and ferredoxin thiore- 
doxin reductase [6]. GR and NTR belong to the pyridine 
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nucleotide disulfide oxidoreductase family, which also 
comprises proteins such as lipoamide dehydrogenase, 
mercuric ion reductase and a bifunctional enzyme called 
Trx and GSSG reductase (TGR) [7]. These proteins are 
generally dimeric flavoproteins which possess a FAD 
binding domain, a NADPH binding domain and a dithiol/ 
disulfide center of the CxxC or CxxxxC type. In most or- 
ganisms, the Trx and GSH/Grx systems are the major re- 
ducing molecules and are thus involved in many cellular 
processes. Trx and Grx are multigenic families of pro- 
teins, represented by various isoforms. For example, in 
Escherichia coli, two bicysteinic Trx, three bicysteinic 
Grx have been characterized so far and one monocys- 
teinic Grx (GenBank accession number NP_4 16171) also 
exists [8, 9]. In Saccharomyces cerevisiae, there are three 
bicysteinic Trx, including a mitochondrial isoform, two 
bicysteinic Grx and three monocysteinic Grx harbouring 
a CGFS active site [8, 9]. In mammals, there are two bi- 
cysteinic Trx or Grx isoforms, one cytosolic and one mi- 
tochondrial isoform of each protein and various Trx- or 
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Grx-iike proteins [8, 9], The sequencing of complete or 
near complete genomes from A thaliana, Oryza sativa or 
Popuhis irichocarpa and the occurrence of many ex- 
pressed sequence tag (EST) sequencing projects for 
Triticum aestivam, Zea mays, Chlamydomonas rein- 
hardtii and Synechocystis sp. indicate that a more com- 
plex diversity occurs in photosynthetic organisms. In- 
deed, up to 20-30 isoforms of Trx and Grx are present in 
some of these genomes, raising the question of the re- 
dundance and of the specificity of these isoforms, as Grx 
and Trx sometimes possess similar functions. Many re- 
view articles have described the various Trx systems and 
their functions in plant cells [3, 6]. This review will focus 
on plan! Grx, for which information about expression, lo- 
calization, and biochemical and structural properties are 
scarce. 

The Grx content of the A, thaliana and Populus genomes 
has been analysed to propose a classification of plant 
Grx. Glutathiolation, one specific function of Grx, will 
be discussed in detail. The existence of many natural fu- 
sion proteins in plants or in other organisms between Grx 
modules and another module and some data about non- 
plant Grx targets will also be described in order to pro- 
vide more information about other putative functions or 
target proteins of Grx. 

The miiitigenic family of grx in genomes of 
photosynthetic organisms 

The occurrence of nearly complete sequenced genomes 
or of EST-sequencing projects in plants provides valuable 
data about the abundance of Grx. We will describe below 
in detail the Grx content of two model plants, A. thaliana, 
an annual herbaceous species, and P trichocarpa, a 
model of woody plants, and compare them briefly with 
the Grx content of other photosynthetic organisms. 



A. thaliana 

The analysis of the Arabidopsis genome in MATDB 
[MIPS (Munich information center for protein se- 
quences) Arabidopsis thaliana database] (http://mips. 
gsfde/proj/mal/db/index.htmi) indicates that at least 31 
grx genes are present among the five nuclear chromo- 
somes. Indeed, in higher plants, all the Grx are nuclear 
encoded but presumably exported in different compart- 
ments. Table 1 presents all the Grx found according to the 
number of conserved cysteines in the active site: there are 
14 bicysteinic and 17 monocysteinic Grx, The MATDB 
protein entry codes, the size of the proteins including 
transit peptides, the putative localization and the se- 
quence of the active sites, which is the hallmark of each 
Grx subclass, were also indicated for each Grx. Ail the lo- 
calizations remain putative since no AtGrx (standing for 
Arabidopsis thaliana Grx, abbreviation also used later in 



the mansucript) has been characterized so far. Clearly, 
these data have to be taken cautiously, because recent 
studies indicate that many proteins could be exported into 
a subcellular compartment without any visible N- or C- 
terminal extension or could be targeted to several sub- 
compartments. Nevertheless, most of the Grx are as- 
sumed to be cytosolic proteins. Among the bicysteinic 
proteins, three could be secreted, two localized in the 
chloroplasts but none is predicted to be mitochondrial. 
Among the monocysteinic proteins, four could be local- 
ized in chloroplasts and one in mitochondria, but none is 
predicted to be secreted. 

Figures 1 and 2 present, respectively, an amino acid se- 
quence comparison and a phylogenic tree of all AtGrx. 
Clearly, these analyses enable separation of the Grx into 
three classes, essentially as a function of the active site se- 
quences. Only four amino acids are absolutely conserved 
among all AtGrx, the first cysteine of die active site, and 
proline, glycine and leucine residues located in the C-ter- 
minal part of the protein (fig. 1, in white on black). The 
identity between all AtGrx ranges from 5 to 95%. 
The first well-defined class, characterized by a Cxx[C/S] 
or more precisely [Y/W]C[G/P/S]Y[C/S] active site, in^ 
eludes the four 'classical* dithiol Grx (CxxCl to CxxC4) 
with CGYC, CPYC or CPFC active sites and two close 
isoforms (CxxC5 and CxxS 1 2) with divergent WCS YC/S 
active sites. Most of the Grx characterized so far in other 
organisms belong to this group. 

The second class includes four Grx with a CGFS active 
site (CxxS14 to CxxS17). CxxS17 is a fusion protein be- 
tween a Trx motif (WAS WCDAS active site) in the N-tei> 
minal part and three Grx motives (CGFS active site) in 
the C-terminai part. These proteins belong to the PICOT- 
HD (protein kinase C interacting cousin of Trx-homology 
domain) containing proteins [10]. The PICOT motif cor- 
responds to a Grx module with a CGFS active site. This 
family thus includes, for example, the three monocys- 
teinic Grx of £ cerevisiae (Grx 3-5) and one Grx of 
Plasmodium falciparum [11, 12]. 
The third class is the largest one and contains all the 
other Grx isoforms which possess an active site of the 
form CCx[C/S/G] or, more precisely, [S/T/G]CC[M/L] 
[C/S/G]. Some of the proteins of the three classes contain 
additional cysteines likely to participate to the catalytic 
mechanism (see below). 



Popuhis trichocarpa 

The genome of P trichocarpa is entirely sequenced 
(http://genomejgi-psforg/poplarO/poplar0.home.htmi) 
but not yet fully annotated. Nevertheless, large-scale EST 
sequencing provides more than 125,000 sequences. Up to 
now, 19 different Grx have been identified in the Gen- 
Bank database by similarity search with AtGrx (table 1). 
Thus far, one major difference is the lack of many iso- 
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Table I. Glutaredoxin content of A. thaliana and Papains sp> 





Protein 
entry code 


Length 


Putative localization 


Active 

site sequence 


EST number 
from poplar 


CxxCl 


At5g63030 


125 


cytosolic 


YCGYC 


BU867240 


CxxC2 


At5g40370 


ill 


secretory pathway (P) 


YCPYC 


BU877060 


CxxC3 


Atlg77370 


130 


secretory pathway 


YCPYC 


BU825153 


CxxC4 


At$g2G500 


135 


secretory pathway 


YCPYC 


BU837457 


CxxCS 


At4g28730 


174 


plastidial 


WCSYC 


BU833604? 


CxxC6 


At4g33040 


144 


cytosohc 


SCCMC 


BU883329 


CxxC7 


At3g02000 


136 


cytosolic (PM) 


TCCMC 


BU830321 


CxxCS 


At5gl4070 


140 


cytosolic 


TCCMC 


? 


CxxC9 


Atlg28480 


137 


cytosolic 


GCCMC 


SU811342 


CxxCIO 


At5gll930 


145 


plastidial (C) 


SCCMC 


? 


CxxCl [ 


At3g62950 


103 


cytosolic (M) 


SCCMC 


BUS 11 766 


CxxC12 


At2g47870 


103 


cytosolic (M) 


SCCMC 


BU889749 


CxxCl 3 


At2g47880 


102 


cytosolic 


SCCLC 


BU892497 


CxxCH 


At3g62960 


102 


cytosolic 


SCCLC 


CF230799 


CxxS] 


Atlg03020 


102 


cytosolic 


SCCMS 


BU893638 


CxxS2 


At5g 18600 


102 


cytosolic 


SCCMS 


9 


CxxS3 


At4g 15700 


102 


cytosolic 


SCCMS 


BU895046 


CxxS4 


At4gl5680 


102 


cytosolic 


SCCMS 


BU895046 


CxxS5 


At4g 15690 


102 


cytosolic 


SCCMS 


BU895046 


CxxS6 


At3g6~2930 


102 


cytosolic 


SCCMS 


BUS 19383 


CxxS7 


At4gl5670 


102 


cytosolic 


SCCMS 


BU895046 


CxxSS 


At4g 15660 


102 


cytosolic 


SCCMS 


BUS95046 


CxxS9 


At2g30540 


102 


cytosolic 


SCCMS 


? 


CxxS 10 


At3g21460 


102 


mitochondrial 


TCCMS 


? 


CxxSU 


Atlg06830 


99 


cytosolic 


SCCLS 


? 


CxxS12 


At2g20270 


m 


plastidial (ER) 


WCSYS 


BU833604 ? 


CxxS 13 


Atlg03850 


150 


plastidial (C) 


GCCLG 


? 


CxxS14 


At3g54900 


173 


plastidial (M } ER) 


MCGFS 


BU8754Q9 


CxxS 15 


At3gJ5660 


169 


mitochondrial (P) 


QCGFS 


BU827149 


CxxSI6 


At2g38270 


293 


plastidial (M) 


QCGFS 


BU321S4 


CxxS 17 


At4g04950 


488 


cytosolic 


RCGFS, 


BI126366 










KCGFS(x2) 





Data concerning A, thaliana Grx come from MATDB, and those of poplar Grx are EST sequences present in GenBank. Bold, normal and 
italic characters represents the three classes of Grx (CxxC/S> CCxC/S/G and CGFS active sites, respectively). Putative localizations are 
based onTargetP prediction software (http://wwwxbs,dtu.dk/services/TargetP/). When other prediction softwares [Predotar (http://geno- 
plante-info.infobiogen.fr/predotar/predotar.htm1)] and Psort (http://psort.nibb.acjp/form.html)) give different results, these are indicated 
between parentheses. Abbreviations: C, cytosol; ER, endoplasmic reticulum; M, mitochondria; P> plastid; PM, plasma membrane. 



forms with a CCMS active site. The four classical Grx of 
the CxxC group and the four isoforms of the first group 
(CGFS) are present. There is also one isoform similar to 
AtCxxC5 or AtCxxS12, but we found only one EST, 
which is incomplete. Five CC3VIC and 2 CCLC different 
isoforms and 4 CCMS isoforms are also present in the 
database. 



Other organisms 

In O. sa lively T. aestivum, Z mays, Hordeum vulgare and 
Pinus taeda, all classes are represented, but it seems there 
are not as many Grx with a CCxC/S active site in these or- 
ganisms, whereas they are prominent in A, thaliana. It is 
likely that duplication events occurred in thevi thaliana 
genome for these isoforms. At present, it is not known 
whether these sequences are all expressed. For the organ- 
isms detailed below, the Grx isoforms present are consti- 
tuted only by the expressed sequences, and since the full 



genome is not annotated, such duplication events are not 
yet detectable. In the green alga C reinhardtii and in the 
cyanobacterium Synechocystis PCC68QB, 6 and 3 Grx, 
respectively, are present either with a CxxC/S or a CGFS 
active site, but no isoforms with a CCxC/S active site [S. 
Lemaire, unpublished]. It is likely that the Grx of the 
CCxC/S group appeared later in the evolution and are 
specific for higher plants. 

Catalytic and structural properties: Is there a role 
for the second cysteine of the active site and for 
additional cysteines? 

Very few biochemical and structural informations are 
available about plant Grx. Nevertheless, many structures of 
dithiol Grx from Escherichia coli> Homo sapiens or T 4 
phage in oxidized and reduced forms have been resolved 
by nuclear magnetic resonance (NMR) spectroscopy or X- 
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Figure 1 - Amino acid sequence comparison of the 31 Grx of A, ihaliaua. The alignment was performed with ClustalW The protein entry 
codes are similar to those of table 1 . The strictly conserved amino acids are depicted in white on black; the conservative amino acid changes 
are indicated in white on gray. The second cysteine or serine of Che active site and additional conserved cysteines are in black on gray, 
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Figure 2. Phylogenetic tree of the various A thaliana Grx isoforms. This tree was drawn using ClustalW. The protein entry codes are iden- 
tical to those of table 1 and figure I, Three classes can be distinguished according essentially to the active site sequences: CGFS, Cxx[C/S] 
andCCx[C/S/G]. 



ray crystallography (see [13] for a list). All the structures 
are organized into aTrx fold, consisting of a central ft sheet 
surrounded by a helices. In terms of redox potential, Grx 
are considered to be weaker reductants thanTrx, as their re- 
dox potentials are around -190 to -230 rnV for£ coli Grx 
isoforms compared with -270 to -330 mV for Trx [14], 
Only one poplar isoform with a classical YCPYC active 
site was characterized by site-directed mutagenesis in term 
of catalysis and structure [13, 15, 16], The poplar Grx 
structure was resolved in complex with glutathione, and 
the most striking difference compared with the prokaryotic 
enzymes is the presence of an additional a helix in the N- 
terminus pail [K, D'ambrosio et ah, unpublished]. Bio- 
chemical studies demonstrate that only the first cysteine of 
the active site is essential for catalysis with dehydroascor- 
bate (DHA) or type II peroxiredoxin (Prx), a peroxidase in- 
volved in the reduction of alkylhydroperoxides [15, 16]. 



Thus, classification into rnonocysteinic or bicysteinic Grx 
should be avoided, since recent data on the S. cerevisiae 
Grx 5 (CGFS active site) indicate that this protein pos- 
sesses a disulfide bridge involving an extra active site cys- 
teine [17]. This additional cysteine, found 50-54 amino 
acids after the active site in the consensus motif 
[I/V/F]G[G/A/S/T]C, is present in seven isoforms of At- 
Grx (see fig. 1), including CxxC/S Grx (AtGrx CxxCl, 
CxxC2 3 CxxC5 and CxxS12) and CGFS Grx (in AtGrx 
CxxS14, 16 and 17, but surprisingly not in AtGrx 
CxxS15). The role of this cysteine in the dithiol-contammg 
Grx remains obscure. Its absence in one CGFS isoform and 
in the CCxC/S isoforms raises the question of the catalytic 
mechanism used by these isoforms. In the CCxC/S type, 
another cysteine is paitiaily conserved in many isoforms in 
the consensus sequence [L/M]GC[S/K/A], located 37-38 
amino acids after the active site (see fig. 1). 
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Expression and localization of glu tared oxins in plants 

Very few data are available concerning the distribution of 
Grx in the different plant organs, and even less is known 
about their intracellular localizations. Initially, Grx has 
been identified in spinach leaves and then cloned from 
complementary DNA (cDNA) libraries of developing 
seeds of O. sativa or of cotyledons from Ricinus commu- 
nis [18-20], These two Grx, homologous to AtGrx 
CxxC2, present a distinct expression pattern. Whereas the 
rice grx is expressed exclusively in aleurone layers of 
seeds [19], the grx from R. communis is expressed not 
only in cotyledons but also in hypocotyls, in roots and to 
a lesser extent in leaves [20], The gene encoding 
AtCxxSH was shown to be expressed in leaves, stems 
and roots and very weakly in flowers, and it is repressed 
in seedlings by ion treatment [21]. Moreover, the Grx 
from R, communis is an abundant sieve tube protein of 
seedlings [20], and the poplar Grx, similar to AtGrx 
CxxC4, was also localized in the phloem sieve tubes by 
electronic microscopy and immunofluorescence [unpub- 
lished results]. 

Based on the abundance of each grx among the poplar 
EST in the GenBank database (search was stopped on 
10/10/2003), we can estimate in silico the level of ex- 
pression and the organ localization of each isoform. Out 
of a total of 1 14 ESTs encoding poplar Grx, 66 ESTs en- 
code Grx with a CxxC/S active site, 28 encode Grx with 
a CCxC/S active site and 24 encode Grx with a CGFS ac- 
tive site. PtGrx CxxC2 and CxxC4 are the two most abun- 
dantly expressed isoforms (32 and 20 ESTs, respec- 
tively), CxxC2 is predominantly expressed in flowers, 
and CxxC4 in roots. 



The functions of Grx in plants and in other 
organisms: known target proteins 

Grx is able to reduce target proteins by dithiol-disulfide 
exchange using the two active site cysteines in a manner 
similar toTrx. On the other hand, Grx is a specific and ef- 
ficient catalyst of protein-glutathione mixed disulfide re- 
duction, a process called deglutathiolation [22], For this 
mechanism, only the first cysteine of the active site is re- 
quired. In animal cells and sometimes in bacteria or yeast, 
many proteins have been identified as being glutathio- 
lated, especially in response to oxidative conditions and 
very often by using a proteomics approach. Table 2 pre- 
sents a complete but non-exhaustive list of the plant and 
non-plant Grx targets, and indicates whether the target 
proteins are glutathiolated. If homologues are present in 
plants, all the targets found in other organisms are also 
potential interaction partners. 

In plants, very little is known about the function of Grx. 
As their animal counterparts, some plant Grx isoforms 



are able to reduce dehydroascorbate into ascorbate [15, 
20] . More interesting is the capacity of the plant Grx 
(CxxC type) to reduce the type II Prx [23, 24]. On the 
other hand, one Grx (CxxC/S type) of O. sativa was found 
to exhibit a GSH-dependent peroxidase activity toward 
various hydroperoxides as described for the two bicys- 
teinic Grx of S, cerevisiae [25, 26]. This is quite surpris- 
ing since O. sativa possesses at least one type II Prx iso- 
form (EST accession number BP 184892). The poplar 
Grx characterized, which belongs to the same group of 
Grx, does not possess such an activity toward hydroper- 
oxides [27]. Other known targets of Grx in A. thaliana are 
HVCa 2 ' 5 ' transporters called CAX1 and CAX4 for cation 
exchanger [21]. Both AtGrx CxxSH and 16 exhibiting a 
CGFS active site were found to activate these trans- 
porters, probably by a direct interaction which could dis- 
rupt the autoinhibition of these transporters. Finally, two 
proteins of the sugar metabolism from A. thaliana, an al- 
dolase and a iriose phosphate isomerase, have been found 
to be glutathiolated and are thus potential targets of Grx 
for deglutathiolation [28]. 

In organisms other than plants, Grx are already known to 
be involved in many processes, such as apoptosis [29], iron 
sulfur assembly in mitochondria [30, 3 1] and virion mor- 
phogenesis [32], Moreover, Grx seem to be very important 
in transduction signaling pathways, as they regulate many 
transcription factors, kinases and phosphatases; in stress 
response by regulating various antioxidative enzymes such 
as Prx and GSH peroxidase; and in cytoskeleton organiza- 
tion, as many proteins are glutathiolated (table 2). 
Moreover, many enzymes, listed in table 2, involved in 
various metabolic pathways arc regulated, either by dithiol 
disulfide exchange or by giutathiolation. One interesting 
example is the E. coli PAPS (3'-phosphoadenylylsulfate) 
reductase. This enzyme possesses one cysteinyl residue 
per subunit. In the oxidized form, the enzyme consists of 
two subunits with an intermolecular disulfide bond, which 
could be reduced either by Grx or Trx [33]. On the other 
hand, this cysteine can also be glutathiolated. In this case, 
only Grx is able to remove GSH [34], 
Finally, data on plant target proteins of Grx are scarce 
compared with other organisms, whereas the number of 
genes encoding Grx suggests a high representation of this 
kind of protein. The development of proteomics tools and 
the emergence of more complete protein databases 
should allow the identification of new targets. One way, 
similar to that used for Trx, could be to construct affinity 
columns with monocysteinic Grx and to retain selectively 
some covalently interacting proteins, or to use specific 
probes of thiol groups such as monobromobimane [35, 
36], Another way is to identify glutathiolated proteins by 
following the methods used for the animal cells, i.e. (i) 
detection using radiolabeled or biotinylated GSH [28, 37] 
or (ii) using alkylating agents such as iodoacetamide or 
N-ethyhraleimide biotin [38, 39], 
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Piant Grx targets 

Poplar type 11 Prx [23] 

Arabidopsis H VCa 2t ' transporter [21] 

Arabidopsis triosephosphate isomerase* [28] 

Arabidopsi s al dolase * [28] 

Norplant Grx targets 

Kinases/phosphatases/transcription factors/signal transduction pathways 

E.coli OxyR [50] 

Human NF1 * (nuclear fa ctor 1 ) [51] 

Rat protein kinase C [52] 

Mouse PHBP2 (polyoma enhancer binding proteins 2) [53] 

Human FTP IB * (protein tyrosine phosphatase IB) [54] 

RatH-Ras* [39] 

Human NF-kB (nuclear factor kB) (p50 subunit) [55, 56] 

Human AP 1 (activator protein 1) * {c-jun subunit) [55, 56] 

Human CREB (cyclic AMP-response element binding protein) [55] 

Human caspase-3 * [56] 

Human Refl (redox factor 1) [57] 

Human ASKl (apoptosis signal-regulating kinase 1) [58] 

Human CRK-like protein * [38] 

Human protein phosphatase 2A [59] 

Mouse cAMP-dependent protein kinase [60] 

Human Akt (Ser/Thr kinase) [61] 

Pluman Rail-specific GTPase activating protein * [37] 

DNA, RNA, protein synthesis, folding and degradation 

E r coli ribonucleotide reductase [2] 

HIV protease* [62] 

Human cathepsin K* [63] 

Pluman ubiquitm-conjugating enzymes * [64, 65] 

Human endoplasmic reticulum protein * [64] 

Human SFR1 splicing factor* [64] 

Human 40S ribosomal protein S12* [64] 

Human heat shock cognate 7 1 -kDa protein * [3 8] 

Human H3P70* " [37,64] 

Human HSP60 * [38,64] 

Human heat shock protein HSP 90-/?* [38] 

Human cyclophilin A * [37,64] 

Human pro tein d isu 1 f i de isomera se * [ 3 8 ,6 4] 

Human translation initiation factor 6* [38] 

Human translation elongation factor* [64] 

Human 40S ribosomal protein SA * [38] 

Human prolyl 4-hydroxylase alpha subunit* [38] 

Human RNA binding protei n regulatory subunit * [64] 

Human 14-3-3 protein* [38] 

Human aspartyl-tRNA synthetase * [3 8] 

Human endoplasmtn * [38] 

Human iibiquitin* [37] 

Rat heat shock cognate 70-kDa fragment* [37] 

Sacchawmyces cerevisiae 20S proteasome [66] 

Cytoskeleton 

Human actin* [38, 64, 67] 

Human tubulin /?1* [38] 

Human vimentin * [64] 

Human laminin* [38] 

Human tropomyosin* [38, 64] 

Human tran sgelin * [64] 

Human cofilin* [64] 

Human myosin* [37,64] 

Human prof ilia * [37, 64] 
Stress respanse/redox regulation 

Human glutathione peroxidase [68] 

Bovine Cu,Zn superoxide dismutase* [56] 

Human metalioproteinases [69] 
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References 


Human Trx * 


[48] 


Human peroxiredoxin ] * 


[38, 64] 


Human peroxiredoxin 4* 


[38] 


Human peroxiredoxin 6 * 


[38] 


Human stress-induced phosphoprotem I * 


[64] 


Rat peroxiredoxin 5 * 


[37] 


Metabolism/en ergetics 




Rat or human pyruvate kinase * 


[38, 70] 


Rat ornithine decarboxylase 


[71] 


Human phosphofructokmase 


[72] 


Rat S-adenosylmethlonine synthetase 
Human aldose reductase * 


[73] 


[38, 74] 


Human glyceraldehyde 3-phosphate dehydrogenase * 


[75] 


E. coli PAPS reductase (*) 


[33, 34] 


E. coli arsenate reductase * 


[76] 


Rabbit Ca^ATPase* 


[77] 


Rabbit glycogen phosphorylase b * 


[39] 


Rabbit glycerol phosphate dehydrogenase* 
Bovine haemoglobin * 


[56] 


[56] 


Rabbit creatine kinase* 


[56] 


Yeast alcohol dehydrogenase* 


[56] 


Rat ma late dehydrogenase * 


[78] 


Human inosine 5'™monophosphate dehydrogenase 2 * 


[38, 64] 


Human enolase* 


[38, 64] 


Human phosphoglycerate kinase * 
Human, aldolase* 


[64] 


[64] 


Human 6-phosphogIuconolactonase + 


[37, 64] 


Human phosphorylase kinase 5* 


[64] 


Human, triosephosphate isomerase* 


[64] 


Human dUTP pyrophosphatase* 


[64] 


Human and rat cytochrome c oxidase* 


[37,64] 


Human fructose bisphosphate aldolase A * 


[38] 


Human nicotinamide N-methykransferase* 


[38] 


Human inorganic pyrophosphatase* 


[38] 


Human fatty acid-binding protein * 


1&4J 


Human /3-galactoside soluble protein* 


[64] 


Human 3-hydroacyl-CoA dehydrogenase type it* 


[38] 


Human glucose- regulated protein* 


[38] 


Human histamine release factor * 




Human L4actate dehydrogenase * 


[38j 


Human zyrosine hydroxylase 
Human glucosidase 11 * 


[79] 


raoi 
[3oJ 


Rat mitochondrial complex I (51- and 75-kDa subunits) 


rem 


Rat or-ketoglutarate dehydrogenase* 


ro 1 1 

[81] 


Rat enoyl CoA hydratase* 


[37] 


Other functions 




Human carbonic anhydrase III* 


[39, 82] 


Human annexin 11 


[83] 


Bovine serum albumin* 


[56] 


Rat neurogranin/RC3 


[84] 


Rat neuromodulin/GAP-43 


[84] 


Human rradix-type motif 6 * 


[64] 


Human T complex protein i * 


[64] 


Human lymphocyte- specific protein I * 


[64] 


Human nucleosidediphosphate kinase A * 


[38] 


Human hepatoma-derived growth factor* 


[38, 64] 


Human ash protein * 


[64] 


Human My032 protein* 


[64] 


Human micleophosmin * 


[37, 64] 


Human histidine triad nucleotide-binding protein 2* 


[37] 



Proteins identified as glutathiolated are labelled with an asterisk (*), In other eases, they interact either via dithiol-di sulfide exchange, or 
the mode of catalysis is unknown. 
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Fusion proteins with a Grx module: physiological 
significance 

In prokaryotes, the genes coding for two proteins which 
interact with one another are often associated in the same 
gene cluster or fused together Computational methods 
based on phylogenedc profiles [40] and on genome 
analyses were developed to detect fusion proteins [41] or 
gene clusters [42]. This organization suggests a possible 
redox interaction between these proteins in organisms 
where they are not fused. An example concerning redox- 
regulated proteins is the fusion between Trx and Trx re- 
ductase modules in some bacteria such as Mycobac- 
terium leprae [43] or in A. thaliana (MATDB protein en- 
try code At2g41680), In all other organisms, these 
proteins, which also need to interact, are produced as sep- 
arate proteins. 

Using CDART (Conserved Domain Architecture Re- 
trieval Tool, http://www.ncbi,nlm aiih.gov/Striicturc/lex- 
ington/lexmgton.cgi?cmd~rpsX various motives can be 
detected in proteins [44], These motifs are classified by 
COG (clusters of orthologous groups of proteins) or pfam 
(protein fam ilies and HMMs) entry codes. In order to 
identify putative new targets of Grx, this program was 
used to detect hybrid proteins containing one or many 
Grx modules (COG0695). Figure 3 presents the schema- 
tic organization of these hybrid proteins. 
In plants, this type of fusion proteins was already de- 



scribed. The APS (5'-adenylylsulfate) reductase, an en- 
zyme involved in the sulfur metabolism, is coupled to a 
Trx motif in the C-terminus which possesses a Grx ac- 
tivity [45]. In the red alga Gracilaria gracilis, a func- 
tional protein is constituted by two Grx modules fused in 
the N-terminal part to a methionine sulfoxide reductase 
of type A (MsrA) (COG0225) [N. Rouhier et al., unpub- 
lished]. Up to now, only Trx was demonstrated able to 
reduce MsrA. The existence of this hybrid protein 
strongly suggests that some MsrA isoforms could be re- 
duced by Grx. 

Another example of fusion proteins are enzymes made of 
a Prx (COG0678) coupled to a Grx domain in the C-ter- 
minus. This type of protein, found essentially in bacteria, 
is functional in hydroperoxide reduction in the presence 
of GSH as a donor [46], In all other organisms, the two 
proteins are not fused. Interestingly, in higher plants the 
two enzymes, produced as distinct proteins, can interact 
[23,24]. 

An interesting protein, found in eukaryotic organisms such 
as mammals or platyhelminthes, is constituted by a Grx do- 
main in the N-terminus fused to a Trx reductase 
(COG1249) in the C-terminus [7]. This protein is 'trifimc- 
tionar, as it possesses Trx reductase, GR and Grx activities, 
The previously described PICOT-HD features proteins 
comprising aTrx-like motif (pfam00085) in the N-termi- 
nus associated with one, two and even three Grx modules 
in the case of AtGrx CxxS 1 7 (fig. 3). 



TrK»Qix(2I6 So 244^ egfs) 



T*x*Grc-Grx(335 to 345 m, cgfe) 
PttC»G*tf(M to 251 ea, z$yc f epfc^ <**fe) j COC067S 

Mdhioiww sulfoxide reductase (448 ^ cpye, cpfc) I 



In GSSG Redttttdtt (597 to 681 «pye, cpto) 







U»cluzactsnzedPwt*i»$ 2 (d30 to 704 aa, citfc, tank) 

Figure 3. Fusion proteins containing one or many Grx modules. The hybrid proteins were found using the CDART program available at 
hitp://www,ncb] T nim.nih,gov/Structure/lexington/Iexington.cgi, The pfam or COG entry codes of the different colored domains are indi- 
cated. The size of the proteins in amino acids and the sequences of the Grx active site are indicated between parentheses. The accession 
numbers characteristic for each type of protein are as follows, Trx-Grx XP_311699, Anopheles gambiae; AA053174, Die fyostet turn dis~ 
coideum; NF_609641, Drosophila melanogaster t NP_596647, Schizosaccharomyces pombe. Trx-Grx-Grx: NPJ741524, Caenorhabditis 
elegans; NP„075629, Mas musculus; AAF28844, Homo sapiens. Prx-Grx: NIM85581, Nostoc sp; MM07361, Yersinia pestis; 
NP_246286, Pasteurelia midtocida; NP_273984, Neisseria meningitidis; NP_23226S> Vibrio cholerae. Methionine sulfoxide reductase: 
AF12L271, Gmcitaria gracilis. TGR: AAN63052, Echinococcus granulosus; AAK85233, Schistosoma mansoni\ NP_6948G2, Mus mits- 
cuhtsiAAR50032>Homo sapiens. Uncharacterized protein I: NP„63 87 1 4, Xanthomonas campestris; NP_29967S,Xylelfafastidiosa. Un- 
characterized protein 2; AAM91894, Oryza sativiv, P_566405, A. thaliana. 
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Other proteins, uncharacterized so far, contain one Grx 
module associated with various protein motifs of un- 
known function. First, some proteins, found in Xylella 
fastidiosa and Xanthomonas campestris or axonopodis 
and consisting of 279 amino acids, possess a Grx module 
followed by a domain of unknown function called IscA 
(COG0316) and a domain called PspE (COG0607) re- 
lated to rhodanese sulfurtransferase. Other plant proteins 
(from 0. sativa and A tha liana), of larger size (from 630 
to 700 amino acids), present a similar architecture. It con- 
sists of a Grx domain followed by a domain of unknown 
function (DEP, pfam00610) found in various signaling 
proteins such as Dishevelled, Egl-10 or Pleckstrin, and 
another conserved domain of unknown function 
(DUF547, pfam04784). 



Crosstalk between GSH/Grx and Trx systems 

The analysis of S, cere\nsiae mutant strains for Trx reduc- 
tase, GR and for the bicysteinic Trx or Grx suggests that 
the redox state of the Trx system is maintained indepen- 
dent of the GSH/Grx system [47]. Nevertheless, some 
data indicate that the two systems are dependent on one 
another. First, the yeast mitochondrial monoeysteinic 
Grx5 is efficiently reduced by E, coli Trx compared with 
GSH [17], The reverse example is the reduction of a 
poplar Trx by a poplar Grx or by E, coli Grxl, 2 or 3, but 
not by NTR [85], Moreover, a cysteine residue in position 
72 of human TrXj which does not belong to the active site, 
is glutathiolated in response to an oxidant, this modifica- 
tion abolishing its activity [48]. It is likely that Grx could 
regulate the Trx system by the deglutathiolaiion process. 
Another example of the complexity of these systems is the 
GSSG reduction by the Trx system in some organisms 
such as D. melanogaster which lack GR [49]. Finally, as 
mentioned above, the TGR protein is another example of 
the interconnection between the two systems because it is 
able to reduce both Trx and GSSG and to use GSH as a 
donor for the Grx module [7], 
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Abstract Six mutants (Y26A, C27S, Y29F, Y29P, C30S and 
Y26W/Y29P) have been engineered in order to explore the active 
site of poplar glutaredoxin (Grx) (Y26CPYC30). The cysteinic 
mutants indicate that Cys 27 is the primary nucleophile. Phe is a 
good substitute for Tyr 29, but the Y29P mutant was inactive* 
The Y26A mutation caused a moderate loss of activity. The 
YCPPC and WCPPC mutations did not improve the reactivity of 
Grx with the chloroplastic NADP-malate dehydrogenase, a well 
known target of thioredoxins (Trxs). The results are discussed in 
relation with the known biochemical properties of Grx and 
Trx. © 2002 Federation of European Biochemical Societies* 
Published by Elsevier Science B.V, All rights reserved. 

Key words: Glutaredoxin; Thioredoxin; Redox regulation; 
Dithiol/disulfide exchange 



1. Introduction 

Thioredoxin (Trx) and glutaredoxin (Grx) are structurally 
related proteins, the major function of which is to reduce 
disulfide bridges on other proteins. Both proteins differ by 
their mode of reduction and their active site sequence 
(YCP[Y/F]C for Grx and WC[G/P]PC for Trx) [1]. 

Trxs are fairly well characterized in plants, and it has been 
shown that there are multiple nuclear genes (close to 20 in the 
simple model Arabidopsis thaliana that encode cytosolic, mi- 
tochondrial and chloroplastic isoforms) [2], In the cytosol and 
probably mitochondria, Trxs are reduced via NADPH and a 
navoprotein, NADPH Trx reductase, Chloroplastic Trxs are 
reduced in the light by a cascade that involves the photosys- 
tem I, [2Fe2S] stromal ferredoxin and an iron-sulfur enzyme, 
ferredoxin-Trx reductase [3], The targets of chloroplastic Trxs 
arc well characterized, notably the redox-regulated fructose- 
1,6-bisphosphatase and NADP-malate dehydrogenase (MDH) 
[4,5]. Besides the two catalytic cysteines, the active site of Trx 
involves the conserved tryptophan residue adjacent to the 
most N-terminal cysteine and a buried aspartate residue that 
is conserved in all Trx sequences from bacteria to mammalian 
systems [6-8], The redox potentials of Trxs are close to -300 
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mV, a value that makes them very efficient reductants of di- 
sulfide bridges [9], The three-dimensional structure of Trxs is 
also very well described, all isoforms have a similar fold with 
a central pleated p sheet surrounded by a helices. The attack- 
ing cysteine as well as the active site tryptophan are surface- 
exposed while the other cysteine is more buried [10]. 

Grxs are rather well known in bacteria (such as Escherichia 
coli), yeast and mammalian systems. In K colt there are three 
Grx genes, at least five in yeast and apparently only two in 
human [11-14], In all known organisms, Grxs are reduced via 
a cascade that involves NADPH, glutathione reductase (GR) 
and the tripeptide glutathione [1]. The redox potential of Grx 
is estimated to be around —230 mV [15]. Although the targets 
of Grx are not as well characterized as those of Trx, it is quite 
clear that Grx is the preferred donor to ribonucleotide reduc- 
tase and as efficient as Trx with PAPS reductase [16,17]. On 
the other hand, the information about plant Grxs is more 
scarce. The questioning of GenBank indicates that there are 
also multiple genes in plants with rather large variations at the 
active site (from the canonic YCPYC to the less frequent 
YCPFC, but also to more exotic forms as GCCMS where 
the active site sequence is hardly recognizable). Plant Grxs 
have been purified from several sources (rice and spinach 
mostly) [18,19], The protein was found to possess activity in 
the 2-hydroxy ethyl disulfide (HED) reduction assay and also 
in the more physiological dehydroascorbate (DHA) reduction 
[18]. Quite recently, Grx has been cloned and overproduced 
from poplar [20], It has been shown to be very effective in the 
DHA reduction, but also to be a good electron donor to a 
new cytosolic peroxiredoxin (Prx) [21]. Quite interestingly, 
Trx, Grx and Prx have been found in sieve tubes and the 
phloem sap, sometimes in very large amounts^ a property 
that suggests a role in the long distance transmission of the 
redox signal in plants [21-23]. One interesting feature of the 
poplar Grx is that it is elongated both on the N- and 
C-termini compared to the mammalian or bacterial Grxs 
characterized so far. It is thus of interest to investigate the 
biochemical reactivity of this type of protein in order to com- 
pare those data with the ones obtained with shorter versions 
of this protein in distant organisms. We describe in this paper 
a series of mutations that help understand the importance of 
the amino acids of the active site. 

2. Materials and methods 

2 J, Materials 

Purified oligonucleotides, restriction enzymes, DNA polymerase 
and ligase were either from Burogentec or from Invitrogen. IPTG, 
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Fig. i. Reduction of HED by WT and mutated poplar Grxs, Ail ac- 
tivities were measured at 30°C. After 1 min inclination of the sys- 
tem, the reaction was initialed by addition of Grx. 



NADPH, HED, DHA, reduced glutathione {GSH) and GR were 
from Eurogentec, Boeh ringer, and Sigma, Chromatographic matrices 
were from Pharmacia. Kinetic measurements were followed using a 
Cary 50 spectrophotometer. 

2.2. Plasmids and strains 

The plasmid used for cloning and expression was pET-3d which 
carries the resistance for ampiciilin. When needed* an additional pias- 
mid {pSBET, carrying a kanamycin resistance) [24] was used to co- 
transform the expression strain E. coli BL21{DE3). The cloning strain 
was & coli DH5a, 

23. Mutagenesis 

Mutagenesis of the cloned cDNAs was effected by PCR. A strategy 
similar to the one in [25] was employed, generating two overlapping 
mutated fragments and in a second PCR reaction the full length 
mutated sequence. The two 'cloning' oligonucleotides had the follow- 
ing sequences (Ncol and BamHl restriction sites underlined); forward 
5'-GGG CCATGG CTGGCAGCCCTGAAGCT-3' : reverse 5'^GGG- 
G GGATCC TC ATTCTAGTTT AA AGTC ATC-3 ' . 

The mutagenic oligonucleotides had the following sequences (muta- 
genic bases in bold): Y 26 A FOR 5'-ATCTTCTCCAAGTCTGCT- 
TGCCCGTATTGT-3' ; Y 26 A REV 5 r -ACAATACGGGCAAGCA- 
GACTTGGAGAAGAT-3 r ; Y26W~Y 29 P FOR 5'-TCCAAGTCT- 
TGGTGCCCGCCTTGT-3 ; ; Y 26 W-Y 2 <>P REV 5'-ACAAGGCGGG- 
CACCAAGACTTGGA-3' ; C 27 S FOR 5'-TTCTCCAAGTCTTA- 
TAGCCCGTATTGTAAGAAG-3'; C 27 S REV 5'-CTTCTTACAA- 
TACGGGCTATAAGACTTGGAGAA-3'; Y 29 P FOR 5'-TCTTA- 
TTGCCCGCCTTGTAAGAAGGCT-3' ; Y 29 P REV 5'-AGCCTTC- 
TTACAAGGCGGGCAATAAGA-3' ; Y 29 F FOR 5'-TATTGCC- 
CGTTTTGTAAGAGG-3'; Y 29 F REV 5 ' -CCTCTTAC A AA ACG- 
GGCAATA-3' ; C 3 oS FOR 5 '-TATTGCCCGTATTCTAAGAAGG- 
CTAAA-3' ; C 30 S REV 5 ' -TTTAGCCTTCTTAGAATACGGGCAA- 
TA-3'. 

The template used was the construction pET-Grx3 [20], After di- 
gestion with Ncol and BamWl, the full length mutated fragments were 
cloned into pET-3d. The mutations were verified by DNA sequencing 
and the recombinant plasmids were used to transform the expression 
strain and then ampicillin and kanamycin resistant clones selected. 

2.4, Expression and purification of the recombinant proteins 

The transformed E. coli cells were successively multiplied to a final 
volume of ca. 5 1 at 37°C. 100 |iM IPTG was added in the exponential 
phase and the bacteria harvested by centrifugatiou for 15 min at 
5000 Xg. The cells were resuspended in a TE buffer (Tris-HCi 30 
mM, pi I 8.0, EDTA 1 mM) which also contained 14 mM p-mercap- 
toethanol for the cysteinic mutants. All subsequent chromatographic 
steps were effected in the same buffer. The recombinant proteins were 
purified by ammonium sulfate fractionation (50-90%), Scphadex G50 
gel nitration and DEAE Sephacel chromatography. The samples were 
then concentrated and dialyzed by ultrafiltration in an Amicon cell 
(Millipore) equipped with a YM 10 membrane under nitrogen pres- 
sure. The proteins were stored by aliquots, frozen at ™20°C at con- 



centrations of ca, 4 mg/ml. The yield was around 1 0 mg homogeneous 
protein per liter culture, 

2.5. Biochemical assays 

The assays describing the reductions of HED and DHA were per- 
formed as described in [20]. The Prx and NADP-MDH assays were as 
in [21,26]. The preparations of recombinant Grx, Prx and NADP- 
MDH have been described in [20,21,26]. 

The Prx reaction was effected in 500 fil cuvettes in the presence of 
50 mM K-phosphate buffer, 150 |iM NADPH, 1 mM GSH, 0,5 U 
GR, and 2.5 \xM poplar Prx and Grx, The reaction was started by 
adding 100 uM H 2 0 2 after 1 min of incubation at 30°C to permit the 
reduction of the system. Activity was measured by following the ox- 
idation of NADPH at 340 nm. 

The activation medium for NADP-MDH (30 pi) had the following 
composition: 50 mM Tris-HCi pH 8,0, 5 mM dithiothreitol (DTT), 
0.8 uM recombinant sorghum NADP-MDH and 20 uM Grx or Trx 
as indicated. After 20 min incubation at 20°C, an aliquot of 20 ul was 
used to determine the activity at 30°C as described in [5], 

The purity of the protein preparations was estimated by SDS- 
PAGE as described by Laemmli [27]. 



3. Results 

3.L Efficiency of the mutated Grxs in the 'classical* HED and 
DHA reduction tests 

Fig. 1 shows the reactivity of the various mutants in the 
reduction of the non-physiological substrate, HED. Replacing 
Tyr 29 by a Phe residue had little effect on the activity, the 
protein behaving essentially as the wild-type (WT) enzyme. 
On the other hand, introducing a non-aromatic amino acid 
instead of either of the Tyr of the active site depressed the Grx 
activity (Y26A had a catalytic efficiency half the WT and the 
replacement of Tyr 29 by Pro resulted in an inactive protein). 
The C30S mutant retained 30% of the activity, but the C27S 
protein was inactive. 

Essentially similar results were obtained in the DHA reduc- 
tion (Fig. 2), When Tyr 29 was replaced by Pro, the protein 
was inactive and the replacement of Cys 27 by a serine like- 
wise produced an inactive catalyst. Replacing Tyr 26 by an 
Ala decreased the catalytic efficiency (ca, 20%), On the other 
hand, the Y29F and C30S mutations produced better cata- 
lysts. It is especially remarkable that the monocysteinic mu- 
tant C30S which contains only Cys 27 is more efficient than 
the WT protein (the activity is nearly doubled at every con- 
centration tested). 




0 100 200 300 

Grx concentration (nM) 



Fig, 2, Reduction of DHA by WT and mutated poplar Grxs. All 
activities were measured at 30°C. After 1 min incubation of the sys- 
tem, the reaction was initiated by addition of Grx, 
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Fig, 3, Activity of Prx with WT and mutated Grxs. The activity is 
expressed in % of the WT protein, 100% activity is 0.55 AOD/miti, 
Details of the reaction are given in Section 2. 



3.2. Grx efficiency vs plant type C Prx 

It has been demonstrated recently that type C Prx of plants 
uses both Trx and Grx as proton donors [21], It was thus of 
interest to determine if the various mutants generated here are 
able to sustain the catalytic activity of Prx in this newly de- 
scribed reaction. Fig, 3 shows the results of those experiments, 
The WT and Y29F mutant show similar activity. On the other 
hand, replacing the two Tyr residues by non-aromatic side 
chains decreased the catalytic efficiency. Finally, the C30S 
mutant retains most of its catalytic efficiency and the C27S 
protein is inactive. 

3.3. Activation of NADP-MDH by mutated Grxs 

Two of the mutations that we have engineered in this work 
transform the Grx active site into a Trx-Iike active site 
(YCPPC and WCPPC). It was expected that these mutations 
should increase the reactivity of Grx vs the NADP-MDH, a 
well characterized target enzyme of Trx. Fig. 4 shows the 
reactivity of the various mutants with NADP-MDH. It is 
interesting that the WT Grx is able to activate the enzyme 
in the presence of DTT with reasonably good efficiency 
(nearly half the capacity of the non-physiological Trx h at 
the same concentration of 20 uivl). All mutants tested showed 
catalytic activity, but all mutations decreased the efficiency 
except for Y26A. The two mutations that were intended to 
mimic the Trx active site (Y29P and Y26W/Y29P) did not 
improve the reactivity at all. Interestingly, both the C27S 
and C30S mutants retained the capacity to activate the 
NADP-MDH but their efficiencies were strongly reduced (to 
ca. 25% of the WT). 

4. Discussion 

4. 1. Mutations of the active site cysteines 

In the Grx dependent reactions (HED and DHA reduction 
and Prx activation), the mutation of Cys 27 leads to a virtu- 
ally inactive enzyme. On the other hand, the mutation of Cys 
30 into Ser had either a strongly negative effect (HED), a 
mildly negative effect (Prx) or a positive effect (DHA). All 
these data strongly suggest that Cys 27 is the primary nucle- 
ophile of the reaction and that Cys 30 is the backup cysteine. 
Similar results have been obtained with the K coli and human 
Grx or all Trxs where the catalytic cysteine is always located 
on the N -terminus side [28-30]. It seems thus that the N- and 
C- termini extensions of plant Grx do not alter that property. 



Additionally, these site-directed mutagenesis experiments in- 
dicate that Grx can be quite efficient as a single cysteine cata- 
lyst, confirming that it can act in the so-called monothiol 
pathway [31], Moreover, these experiments suggest that the 
numerous natural monocysteinic versions of Grx that exist 
in the databanks are almost certainly functional catalysts. 

4.2. Importance of the aromatic residues of the active site 
The replacement of the Tyr residue present between the two 

catalytic cysteines by a proline leads to a drastic decline in 
reactivity. It is clearly essential to keep an aromatic residue in 
this position as the Y29F mutant is a very good catalyst in all 
Grx dependent reactions tested. This Tyr residue has been 
implicated as one of the ligands necessary for the fixation of 
glutathione to K coli Grx3 or T 4 Grx [11,32]. On the other 
hand, it is not necessary to have an aromatic residue in posi- 
tion 26 (N-terminus to the catalytic cysteine) as the Y26A 
mutant kept at least half of the reactivity of the WT protein, 
This is very much in contrast with the case of Trx where the 
removal of the Trp adjacent to the catalytic cysteine has a 
very strong negative effect [6,33], 

4.3. The NADP-MDH is activated by plant Grx and its 
mutants 

The NADP-MDH has been recognized as a target of Trxs 
since a long time. The chloroplastic Trx / is the most efficient, 
followed by chloroplastic Trx m, and the cytosolic Trx h [34], 
Mammalian Trxs are very poor reductants/activators of this 
enzyme [35], All Trxs which have been demonstrated as capa- 
ble of activating this enzyme have either a WCGPC or a 
WCPPC active site. By making the Y29P and Y26W/Y29P 
mutations, we have engineered proteins with active sites that 
have been transformed into YCPPC and WCPPC, It was thus 
expected that these mutations could result in Grxs with better 
reactivity vs the NADP-MDH. The results in Fig. 4 indicate 
clearly that this is not the case as only the Y26A mutant has 
an activity comparable to the WT protein and all other mu- 
tations decrease the reactivity. It is surprising to observe that 
WT Grx is able to induce the activation of the enzyme in the 
presence of DTT (see Fig. 4). This activation is dependent on 
the concentration of added Grx and on DTT (data not 
shown). The WT poplar Grx is not as efficient as the cytosolic 
Trx h but more efficient than the human Trx or the Trxs of 
Dictyostelium discoideum [35,36], We have checked that this 
reactivity is not due to contaminating E. coli Trx in the re- 
combinant Grx preparations. We have indeed quantitated the 
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Fig. 4. Activity of NADP-MDH with WT and mutated Grxs. Activ- 
ities are expressed in % of the WT Grx. 100% activity is 0.4AOD/ 
min. Experimental details are given in Section 2. 
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contamination of those preparations by the NTR/DTNB sys- 
tem and found that it could not exceed 0.3%. At a Grx con- 
centration of 20 uM in Fig. 4, the K coli Trx concentration is 
thus lower than 60 nM, a value at which no detectable 
NADP-MDH activation occurs [37], This activation of 
NADP-MDH by Grx is likely to be non-physiological since 
GSH could not replace DTT, even in the presence of NADPH 
and GR (data not shown). Three additional observations sup- 
port the proposal that Grx is indeed not a physiological acti- 
vator of NADP-MDH. First, it seems that there are no 
chloroplastic sequences for Grx in protein databases. Second, 
the redox potential of Grx (normally around —230 mV) is not 
adequate with respect to the ones of the NADP-MDH disul- 
fide bridges (—280 and —300 mV) for an efficient reaction to 
take place [38]. Third, the fact that the C30S mutant keeps a 
level of activity similar to the C27S mutant suggests that the 
role of Grx in this reaction is non-catalytic. We propose thus 
that Grx acts here in a non-catalytic way to modify the acces- 
sibility of the active site to DTT which has the right redox 
potential Such a structural role has already been observed in 
the case of the interaction between the T? DNA polymerase 
and the E, coli Trx [39]. The results obtained with the C27S 
mutant seem to support such a hypothesis since Cys 30 is 
widely recognized as the non-catalytic one, a property also 
verified in the other reactions described here. 

4.4. Concluding remarks 

Mutations similar to those described here have already been 
performed either on E. coli Trx to transform it into a Grx or a 
DsbA protein [40,41 }, or on DsbA to transform it into a Grx 
or a Trx [42], In most of these mutants, essentially physico- 
chemical characteristics as p# a values and redox potentials 
have been determined but few kinetic experiments have been 
performed except in [40] where the creation of a CGHC site 
has been shown to be accompanied by an increase in PDI-Iike 
activity. In this study, nearly all the mutants that we have 
generated are less active than the WT protein, in contrast to 
initial expections. Transforming the Grx active site into a Trx- 
like active site did not improve the reactivity with NADP- 
MDH or Trx reductase (data not shown). Similarly to what 
is described here, simulations of Trx or Grx-like active sites in 
tryparedoxin 2 did not result in Trx or Grx-like activities [43]. 
Overall, these data strongly suggest that the structural deter- 
minants for Trx or Grx reactivity go beyond the sequence of 
the active site. 

Nevertheless, the series of mutants generated here help to 
understand the functioning of plant Grxs, The catalytic cys- 
teine as well as the importance of an aromatic residue inside 
the regulatory sequence and adjacent to the backup cysteine 
have been uncovered. An additional interesting finding of this 
study is the capacity of Grx to activate the NADP-MDH. 
This enzyme has always been reputed as promiscuous as it 
accepts many different Trxs as regulators, in contrast to fruc- 
tose- 1,6-biphosphatase that requires selectively Trx / The 
data presented here indicate that the DTT NADP-MDH ac- 
tivation test should be used cautiously, as Grx is also active in 
this process despite the fact that it probably does not act in a 
catalytic way. 
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